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NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person actmg on
behalf of NASA: :

A.) Maokes any warranty or representation,’ expréssed or
implied, with respect to the accuracy, completeness,
or usefulness of the information containad in this
report, or that the use of any information, -apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or :

B.) Assumes any liagbilities with respect to the use of,
or for domages resulting from the use of any. infor-
mation, apparatus, method or process disclosed in
this report. -

As used above, “person acting on behalt of NASA® includes
any employee or contractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor af NASA,
or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment
or contract with NASA, or his employment with such contractor,

Requests for copies of this report
should be referred to:

National Aeronautics and Space Admintstzation

Office of Scientific and Technical Infnmatlon
Washingtom, D. C, 20546
Attention: AFSS-A
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DESIGN MANUAL FOR AXIAL AIR-GAP,
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SYNCHRONOUS A-C GENERATOR

I
B
R
R
.
.
1
.
B
l

i SECTION N



Kbl Wit Wi Moy B Vi Waaiic B L L L Kilga JhiHHma Fowinta Vs L] R Lo L



THE AXIAL AIR-GAP, LUNDELL-TYPE, A-C GENERATOR

The design manual presented here in section N, is a hand-
calculation manual arranged for computer programming.
To use this manual we suggest following the sequence
indicated by the arrangement of the design sheet, Fig. N 3
The numbers in brackets on the design sheet give the item
number of that particular calculation. The items in the
design manual are given in the sequence indicated by their

number,

N=1
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DISC -TYPE SYNCHRONOUS GENERATOR

N-4

STATOR ROTOR
STATOR 1.D. (11) SINGLE GAP__(50) g (69)
STATOR O.D. (12) ROTOR O.D. I.D.
CORE LENGTH (17)  (13) |PERWPUHERAL sPeep_ (145) DIA.
DBS x 2 (24) POLE PITCH o /
SLOTS (23) POLE AREA-QUTER _ (79) DIA.
CARTER COEFF. (67) POLE AREA-INNER _ (79a) oD, {2
TYPE .06t (28) ROTOR LEAKAGE 10 '
THROW (31) | POLE DENSITY (103)( }é§)4b) K
SKEW ¢ DIST FACT. (42) (43) | ROTOR IRON _
CHORD FACTOR (44) OAMPER BARS NE
CDND. PER sLoT (30) bAR S22k SLOT
TOTAL EFF.COND, (45) BAR PITCH ho bo ;
COND SIZE (33)
COND AREA (46) FIELD COIL TURNS  (146)
CURRENT DENSITY  (47) COND. SIZE (148) (149) — -—
WG CONST. (12) G, _(11) | CONO AReA ) SATURATION
TOTAL FLUX (88) MEAM TURN 155 AR GAP AT (96)
GAP AREA (68) |RES@ ° 159)
GAP DENSITY (95) sTaTOR AT (97) (98)
! % LOAD TO0 POLE AT
POLE CONST. (73)
FLUX PER POLE (92) P.F. NO LOAD AT
SUAFT FLUX (111) _|AMPS (237) RATED LOAD AT___ (236)
oLTS (339) OVERLOAD AT

Tooth piTeu_(27)  (26) YO SHORT CIRCUIT AT__(180)
TOOTH DENSITY (91) JI*R
CORE DENSITY ((S;%)) AMPs/IN.* LOSSES - EFFICIENCY
mlms:; 153& JELO SELF IND. __ (161) TATTCRG —
3 (49) |DAMP LEAK XDg XOg
Res/PUASE @ (59 [orarmon-Tive consTant | LW 83 (183)
EDDY FACT TOP (55) STA. TEETH (184) (242)
E.F. AVE EFF. BOT.(00) | SYNCH. X4 _(133) Xq (134) |STA. CORE 18y (185)

- FACL Com s UNSAT. TRANS. (166) | PoLe FACE (186) (243)
AMP COND. PER N (128) |saT. TRANS. (T67) | DAMPER _
REACT. FACTOR (1129) SUBTRANS. X' (168X, (169) | STA. 1R (245)
COND. PERM. (62) NEG. SEQUENCE (170) EDDY (246)
END PERM. (64) | 2eR0 SEQUENCE Ty Wl—&
LEAKAGE REACT. U5 Joren cir.TIME CON. aTNe
AIR GAP PERM. ARM. TIME CON. (7T =

A R ' RATING § S
WT. OF COPPER SUBTRANS. TIME CON. g
WT. OF IRON | */% EFF.
W.0. _FOR FIGURE N3 COOLING
(2 kva _(9) %P.F. (4/(3) VOLTS 58') AMPS (5) PHASE

_ B3 cyrres/sec. POLES 7 RPM BY




AXIAL AIR-GAP, LUNDELL TYPE A.C. GENERATOR, DESIGN MANUAL

(1)

(2)

(3)

(5)

(5a)

(6)

(7

(8)

(9)

(9a)

KVA

-|DESIGN NUMBER - To be used for filing purposes.

GENERATOR KVA

LINE VOLTS

PHASE VOLTS - For 3 phase, delta connected generator

Epy = (Line Volts) = (3)

For 3 phase, wye connected generator

Line Volts) (3)
EP = ( -
H k) 3
PHASES - number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR - When PF = 0. to .95 set K, = 1;

when PF = .95 to 1. set K; = 1.05



(10a) d STATOR EQUIVALENT DIAMETER

d ;\{(o. D.?-; (L D.T___\]‘r(lzfz(uf

(11) L. D. STATOR I D. - The inside diameter of the stator toroid

in inches.

(12) O.D. STATOR O.D. - The outside diameter of the stator toroid

in inches

(13) [ GROSS CORE LENGTH - In inches

g . (Q:D.)-(LD.) (13)-(1)
: 2 =2

(16) K4 STACKING FACTOR - This factor allows for the coating
(core plating) on the punchings, and the
looseness of the ribbon. Approximate values

are giver in Table IV.

THICKNESS OF

LAMINATIONS
(INCHES) GAGE Kj
(14 29 0.92
.018 26 0.93
.025 24 0.95
.028 23 0.97
. 063 -- 0.98
. 125 -- 0.99

TABLE IV

N-6



(17)

(18)

(19)

(20)

(21)

(22)

0s

SOLID CORE LENGTH - The solid length is the gross

length times the stacking factor.

£ = (X)) x (®) = (16) x (13)

MAGNETIZATION CURVES are to be available for stator,

pole and yoke.

WATTS/LB - Core loss per lb of lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density
used in Item (19) to pick the watts/lb. The

density that is usually used is 77. 4 kilolines/in2,

TYPE OF STATOR SLOT - Refer to Figure 1 for

type of slot.

ALL SLOT DIMENSIONS - Given in inches per Figure 1.

Note: For Type (c) slot

b - (1) + (bg) _ (22) + (22)
§ - 2 ) 2



‘q; Open Slots {b) Constont Slot Width

1 Do >

.
|
|

I

e ]

{C) Constant Tooth Width {d)Round Slots

N-8



(23) Q STATOR SLOTS - number of
h - e depth of the stator core
(24) c DEPTH BELOW SLOTS - The depth of th
below the slots.
Where t, is the total thickness of the stator
} R
—= tt0—<—
} HOUSING .
~\ “\%‘ 4
g N
== Fiewo}, 14
COIL‘ //
i
E
(25) q SLOTS PER POLE PER PHASE
@ - (23
q-= (P) (m)
(26) Ts STATOR SLOT PITCH (average)
Y. . M@ _ W(10a)
) - (23)

N-9



(27)

(28)

(29)

rs 1/3

STATOR SLOT PITCH - 1/3 distance up from narrowest

section of tooth.

TS 1/3 = Té = (26)

TYPE OF WINDING - Record whether the connection is

wye or delta

TYPE OF COIL - Record whether random wound or formed

coils are used.



(30) ng CONDUCTORS PER SLOT - The actual number of con-

ductors per slot. For random wound coils use
a space factor of 75% to 80%. Where space
factor is the percent of the total slot area

that is available for insulated conductors after
all other insulation areas have been subtracted

out.

(31) Y THROW - Number of slots spanned. For example, with
a coil side in slot 1 and the other coil side

in slot 10, the throw is 9.

(31a) PERCENT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a

pole pitch

__(y) _ (31
T (m)(@) ~ (5)(25)

(32) C PARALLEL PATHS, no. of - Number of parallel circuits
per phase
(33) -- STRAND DIA OR WIDTH - In inches. For round wire,

use strand diameter. For rectangular wire,

use strand width.




(34)

(35)

(36)

(37)

(38)

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have

a more flexible conductor and reduce eddy current
loss a stranded conductor is often used. For
example, when the space available for one
conductor is .250 width x . 250 depth, the

actual conductor can be made up of 2 or 3

strands in depth as shown.

——

}one conductor

one Strand{

For the derivation of the eddy loss
formula see the Appendix of the
first quarterly report.

DIAMETER OF BENDER PIN in inches - This pin is used

in forming coils

COIL EXTENSION BEYOND CORE in inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in inches

DISTANCE BETWEEN CENTERLINES OF STRANDS IN

DEPTH in inches.

N-12



(39)

(40)

(41)

(42)

(43)

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire

use 0,

SKEW - Stator slot skew in inches at main air gap. To
be measured at the stator O.D. as the devi-

ation from a radial line at that point.

POLE PITCH in inches at the median diameter

SKEW FACTOR - The skew factor is the ratio of the voltage in-

duced in the coils to the voltage that would be induced
if there were no skew

w( 7§K) ‘[ is the pole pitch
sin -2—(@— pl
. at the outside diameter
fsk TsK)

2(T; ; of the stator

75/& : Ltém “4o)

DISTRIBUTION FACTOR - The distribution factor is the ratio

of the voltage induced in the coils to the voltage that
would be induced in the coils if the winding were
concentrated in a single slot. See TableFZ for com-
pilation of distribution factors for the various har-

monies.
(q)(ocs)
sin 180°
Kd = @) where a¢c_ =
(Q)sin' s (




—_ sin[90%/(m)] _  sin[90%5)]
4 (q)sin[90°/(m)@)] (25)sin[90°/(5)x (25)]

For (25) = Integer

_ sin| Nac(m)/2 ) _180°
K4 = N sin ia:lmj?% where N # Integer = m® * Integer & cwm = gy

. __sin[00%@m)] _ _sin[00%s)]
4" N sin[90°/N(m)] N sin[90%/Nx(5)]

For (25) = Integer

(44) KP PITCH FACTOR - The ratio of the voltage induced in the coil to
the voltage that would be induced in a full pitched
coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

KP = sin[(gj)-(a) X 900:] = sinl:w% X QO(Z]

(45) n TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-
ing for the distribution factor.

QKK (23)(30)(44)(42)

n =

e ©) (32)

6) | a CONDUCTOR AREA OF STATOR WINDING in (inches)? -

The actual area of the conductor taking into account

the corner radius on square and rectangular wire.
See the following table for typical values of corner
radii

It (39) = O then a_ = .257(Dia)’ = . 25T(33)>




(47)

(48)

If (39) # O then a, = (NST) (strand width) (strand depth) - (. 858 rcz)]

= (34) ] (33) (39) - {-858%2}]

where . 858 rc2 is obtained from Table V below.

(39) | (33) .188 | .189 (33) .75 | (33) .751
.050 | .000124 . 000124 . 000124
.072_| .000210 . 000124 000124
125 | .000210 . 00084 . 000124
165 | .000840 . 00084 . 003350
225 | .001890 . 00189 . 003350
.438 -- . 00335 . 007540
.688 - . 00754 . 01340
- -- . 03020 - 03020
TABLE V

CURRENT DENSITY - Amperes per square inch of stator

conductor

(Ipn) (8)

% = [O)ag ~ (32)(46)

END EXTENSION LENGTH in inches

When

Lg =

When

Lg

(29) - O then:

. 5+Kpir(y)[o. D]: 54 Eg g %
Q 1.7 if (6)

(29) - 1. then:

2

2 ¥ (31) [(12)]

29-+deﬂ*y(;s

2 x (36) +1r[(35)]+(3 1)

(26)2

L(ze) - (22)%

]




(49)

(50)

(51)

(52)

2>

(hot)

1/2 MEAN TURN - The average length of one conductor in inches
= )+ (L) = (13) + (48)

STATOR TEMP °C. - Input temp at which F. L. losses will be
calculated. No load losses and cold resistance will
be calculated at 20°C.

RESISTIVITY OF STATOR WINDING - In micro ohm-inches @
20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.

/0 . ohn;-cir
ohm-cm ohm-in mil/ft
lohm-cm = | 1.000 0.3937 6.015 x 10°
lohm-in = | 2.540 1.000 1.528 x 10"
1 ohm-cir mil/ft = |1.662 x 10" | 6.545 x 105 1.000
TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at xs°c in micro ohm-
inches

x °c) + 234.5 |
Koty = B 2515 ]= 1) E_zsrs_so) e 5]




| (53)

(54)

(55)

(56)

SPH
(cold)

Repn

(hot)

EF
(top)

EF
fbot)

STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms

()@ )@/ )Xw (51)(30)(23)(49) x16
(m)(a_)(C)* (5)(46)(32)°

RSPH (cold) ~

STATOR RESISTANCE/PHASE - Calculated @ X°C in ohms

Py hot )Y@ U 650 50 0319 o

R )
(m)(a )(C) (5)(46)(32)

SPH(hot) =

EDDY FACTOR TOP - The eddy factor of the top coil.
Calculate this value at the expected opera: ‘ng tem-

perature of the machine.

N2 % h 2 .
EF,, = 1+{.584+ [St ][h::ft] 3.35x 107"
(h, ) )E)a,)| ?
!;b)(PS}]g,Q ]
2
ism [34) 'E]g—g%‘i—g;}s.ssx 107

2
[37)(30)(53)(46)
(22)(52) |

EDDY FACTOR BOTTOM - The eddy factor of th:: bottom coil

at the expected operating temperature of the machine

2
(h . )(n () )
EF, = (EF, )-1.677| 5t 8 "1 x 072
(bot) (top)
[(bs)(PShot) _J




= (55) - 1.677 W‘@J 103
(22)(52)

(5T bt STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I
By = (T - (bg) = (26) - (22)
For slot type (c), Figure I

by = (Vg - (bg) - (26) - (22)

(58) by TOOTH WIDTH AT STATOR - Main air gap in inches

For partially closed slot

_wd) _ W(10a) _
bt = (Q) bO = (235 (22)

For open slot

7 (d) YT (10a)
bt=—@_-bs=72_3)_a-(22)




(59)

(59a)

(59¢)

(60)

(61)

g2

g3

MAIN AIR GAP - given in inches

AUXILIARY AIR GAP (gs) - given in inches

AUXCLIARY AIR GAP (gg3) - given in inches

REDUCTION FACTOR - Used in calculating conductor per-

meance and is dependent on the pitch and dis-
tribution factor. This factor can be obtained
from Graph 1 with an assumed K4 of . 955 or

calculated as shown

(Kx) (61)

X = ®p)Z (Kp? * (@02 (43)%

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current

in coil sides in same slot.
For 60° phase belt winding, i.e. when (42a) = 60

Ky = 14| 300, I]Where 2/3 £ (y)/(m)q) < 1.0

((mXq)

- 1/4]_3(3) < <.
Kx = /4 B)as) + 1] where 2/3 = (3la) = 1.0
or
Kx = 1/4(_6_(%_)7_ - _J where 1/2 < (31a) & 2/3

m)(q

Kx = 1/4[(5‘;{%}3)) - 1] where 1/2 £ (3la) = 2/3

N-19



Kx

. Kx
or

Kx

Kx

.75 when 2/3

.75 when 2/3

24(y)  _ 4
.05 [Ir_nﬁ’?ﬁ 1{ where 1/2

For 120° phase belt winding, i.e. when (42a) = 120

(v)/(m}aq)

A

(31a)

Hr

SRR

(312) < 2/3

-

24(31) . 1] where 1/2
(3)25)

(62) | A j| CONDUCTOR PERMEANCE - The specific permeance for

' (a) For open slots

the portion of the stator current that is embedded
in the iron. This permeance depends upon the

configuration of the slot.

(q; Open Slots - 2 .
N L B

e e (R

x; ) % F_

Al - 60) 20 |@R), @) 68 35(s8)

’1‘ T I i ®)@5) ((22) * 3(22) " T6(28)(59) *  (26)

(b) Constant Slot Width (b) For partially closed slots with constant slot width

2= Cx) @

o [B) 2w G
By " B+ B B

, (h1)+ (bt)2 -35(b,)
)" TG Ty



(C) Constant Tooth Width (c) For partially closed slots (tapered sides)

()  2(hy)

1= ) @ m tb—)—tb—i +

2
+ B by T3y BEE T )

(d) For round slots

20 i (ho)-
)\1=(CX)T—)—(EIT -62+1F0-5_J
Ay = (60) ey | 92+ )

L —

(e) For open slots with a winding of one conductor per slot

N (hy) () @ (T
i z‘mm Wy A T |

e 00 ] B o 0 08




(63)

(64)

LEAKAGE REACTIVE FAC'I‘O_R for end turn

Calculated value (LE)
= i )
KE = Valie (L) from Graph T (For machines where {11)>8")

where LE = (48) and abscisa of Graph 1 = (7)(7; ) = (31)(26)

i alculated value of (LE) (For machines where (11)<8'")
Kg Jvame (LE) from Graph I

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

i 628(&)[” E] 628(6 Q E
a: B(x (13)(43)

@
E
The term _ZH_ is obtained from Graph 1.

The symbols used in this (term) do not apply to those
of this design manual. Reference information for the
symbol origin is included on Graph 1.



(65)

¢66)

(67)

(68)

(69)

0Q

WEIGHT OF COPPER - the weight of stator copper in lbs.

#'s copper = .321(ng)(QNac)(4;) = .321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.

. 283 l(’ (b Q)L )(hg) + 17 (a) (hc)(ﬂs)}

#'s iron

. 283 {(57)(23)(17)(22) + 77 (10a) (24)(17)}

CARTER COEFFICIENT
(To) (5(e) +(bg)]
- )
") [ tbg)] - (b

~(26) [5(59) + (22)]
57 (26) [5(59) +(22)] - (22)2

K

(For open slots)

_ \rs [4° 44(g)+. 75(bo)] (For partially closed slots)
Vo [4 440 +. T5(0g) | - (bg)®

Ks

(26) [ 4. 44(59) + . 75(22) |

Ky =
® 7 (26) [ 4. 44(59) + . 75(22)] - (22)2

MAIN AIR GAP AREA - The area of the gap surface at

the stator bore

Ay - J4_T (0.D.)2 - (L.D. )Z—J - 777 E‘12)2 - (11)2]

EFFECTIVE AIR GAP (MAIN)

ge = (Kg)g) = (87)(59)

N-23



(70)

(70a)

(71)

(72)

AREA OF OUTER AUXILIARY AIR GAP (gj) - Calculate

from layout. This gap must be uniform cir-
cumferentially with no saturated sections if
parasitic losses in the gap surfaces are to be

prevented.

AREA OF THE INNER AUXILIARY GAP (g3) - The same

comment applies to g3 as to go above. Avoid

discontinuity in the circumferential flux pattern.

THE RATIO OF MAXIMUM FUNDAMENTAL of the field

form to the actual maximum of the field form.

For pole heads with only one radius, Cj is ob-
tained from Curve #4. The abscissa is 'pole
embrace" (oc) = (77). The graphical flux plot-
ting method of determining C; is explained in

the section titled "Derivations'" in the Appendix.

WINDING CONSTANT - The ratio of the RMS line voltage

for a full pitched winding to that which would
be introduced in all the conductors in series
if the density were uniform and equal to the

Maximum value,

Cw = (EXCOKg)  (3)(71)(43)
P(Epg)(m)  [2(4)(5)

N-24



(73)

(74)

(75)

(76)

Assuming K3 = .955, then Cy = .225 Cjp for
three phase delta machines and Cy - .390 Cq

for three phase star machines,

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. Cp is obtained from
Curve #4. Note the correction factor at the

top of the curve.

DEMAGNETIZING FACTOR - direct axis.

(oc)‘lr 4+ sin E(X}) ) - (777 +sin (77)

CMm - sin{{oc) 1/27] 3 sin“77$ /27

CROSS MAGNETIZING FACTOR - quadrature ax_s

1/2 cosGoc) Tr/2] + (o) M - smﬁoc)‘ﬂ]

q = sm[(oc) /3 J valid for

concentric
poles.

C

1/2 cos((11) 2] + (M) - sinf(797]
4 s1n[77) /2]

Cq can also be obtained from Curve 9,

POLE DIMENSIONS LOCATIONS per Figure N4a ¢ N4b

bpl = minimum width of pole (usually at tip) measured
at the edge of the stator toroid.
bp2 = maximum width of pole (usually at entering edge)

at edge of stator toroid.

bp = average width of pole

bp=bp1;‘bp2

N-25



(79)

(79a)

po

pi

AREA OF POLE AT ENTERING EDGE OF STATOR TOROID

(outer pole) - Obtain from layout.

AREA OF POLE AT ENTERING EDGE OF STATOR TOROID

(inner pole) - Obtain from layout.

i bp1+ bpa
bpg

b = EFFECTIVE WIDTH OF
THE POLE

FIGURE N4b
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(80)

(81)

(82)

(83)

POLE TIP TO ROTOR LEAKAGE PERMEANCE - Add the

leakage permeance from the inside pole to the

outer flux ring and the outside pole to the shaft

section. PER FIGURE N 5

4 o we) Pl
F1 - bl‘ ‘“TA (‘2‘

SIDE LEAKAGE FROM POLE -TO-POLE

P, - 3{— PER FIGURE N5

- area of leakage path between poles x poles

)
1

median length of leakage path between a pair of poles

2

LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE TO

ROTOR.
Add the leakage permeance from inner pole to outer

flux ring and from outer pole to shaft. Multiply this

sum by Pee Fi6 FIGURE N5
. . Y28 pa's| P
37 A3 3 |2

LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE

TO UNDERSIDE OF POLE -

U 24 ](p) pee FIGURE N 6

i
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Py LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE

TO UNDERSIDE OF POLE -

FIGURE N 6
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(84)

(86)

(88)

(89)

G

LEAKAGE PERMEANCE THROUGH FIELD COIL

Ps - Y a5 PER FIGURE N5
5
Where ag = YT (dc)(be) inches?
Where b, = width of field coil
Where d. = field coil diameter
. Coil O.D. ;— Coil 1.D. inches
Where 05 i Coil O.D. 2— Coil 1. D. inches

3.19

“

STATOR TO FLUX RING AND SHAFT LEAKAGE
peR  FIGURE N5

TOTAL FLUX in Kilolines

6(E)10° 6(3)106
Ot = [T RPM) = (@ T

LEAKAGE FLUX FROM STATOR TO SHAFT AND OUTER

FLUX RING

Py [2AFp) H2AF ) + (Fga) +(Fg)t (Fpo) +(Fp)] x 107
- 2

%

_ (86) {2(97) +2(98) +(123) +(120) +{104) +(*1'64b)-] x 1073
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(91)

(92)

(94)

(95)

(96)

TOOTH DENSITY in Kilolines/in2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum

section.

B = __ 9T - (88)
Q)Fs)by 1/3) (23)(17)(57=)

FLUX PER POLE in Kilolines

_(gr)cp) _ (88)(73)
% (P) (6)

CORE DENSITY in Kilolines/in2 - The flux density in the

stator core

B, =_@p) . (92)
2m)s) 2247

GAP DENSITY in Kilolines/in2 - The maximum flux density

in the air gap
By - 91 . _ (89)
(Ag) (68)

AIR GAP AMPERE TURNS - The field ampere turns per pole

required to force flux across the air gap when oper-

ating at no load with rated voltage.

Fo = Bglee) b (95)(69) o>
€~ T3 3.10
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(97 Fp STATOR TOOTH AMPERE TURNS

Fr = (hg) L—NI/inch at density (B t)]

—

(22) \fook up on stator magnetization curve

given in (18) at density (91)

(98) F. STATOR CORE AMPERE TURNS

F¢ = —"%%%))- E\Il/inch at density (B c)]
Fe = —4(6)

¥ (10a) | Look up on stator magnetization curvej

at density (94)

(100) (ZX LEAKAGE FLUX - at no load

9y = [(PoHR PPy | (AP 2P HFg2 M Fgg)]| XI0

EBO)+(81)+(82)+(83)] [2(97)+2(98)+(123)+(120-)J o

(102) apt TOTAL FLUX PER POLE - at no load

Fpt = Fp Jrzlf_ - (02) ¢ 490

(103) B FLUX DENSITY IN OUTER POLE (NL)

(102)

(@
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(104) Fpo AMPERE TURN DROP THROUGH OUTER POLE @ N, L,

Fpo (4,0) fNI/inch at density (Bpo):]

= (104) Look up on pole magnetization curve]

at density (103).
Where fpo = length of outer pole.

(104a) Bpi FLUX DENSITY IN INNER POLE @ N, L,

B. - %ot . (102
pi * Ay * (Ma)

(104b) Fpi AMPERE TURN DROP THROUGH THE INNER POLE @ N, L,

Fpi Upi) [Nl/inch at density (Bpi)]

= (104b) Look up on pole magnetization curve j
density (104a)

Where (Rpi) = length of inner pole

(104c) | @y FLUX IN ROTATING OUTER FLUX RING AT NO LOAD

Or

@g2 = O3 = Gsn

(108) = (8a) = (111)
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(104d) | B FLUX DENSITY IN ROTATING OUTER RING at no load

By = (Fr) _ (104¢)
(Ap)  (1044)

Where Ay - ring cross-section area adjacent to the

outer pole (Pg)

(104e)| F AMPERE TURN DROP IN RING at no load.

Fr =(4;) [_ NI/inch at density (By))

= (104e) Look up on ring magnetization curvj

at density (104d)
Where Q\- = length of ring

(108) ng FLUX IN AUXILIARY GAP at no load

Bg2 = ¢g3 = @ = Osh = Opt (zﬂ"'(;ﬂ

= (102)(—3-) 1 (89)

(111) @sh | FLUX IN SHAFT at no load

@sh = ¢g2 =@ - ¢g3

= (108) = (104c) - (u8a)




(112)

(113)

(114)

(118)

(118a)

(119)

Ash

Bsh

Fsh

g3

AREA OF SHAFT (cross-sectional to flux)

FLUX DENSITY IN SHAFT at no load

_ %sh _ (111)
Psh = 2o T (12)

AMPERE TURN DROP IN SHAFT at no load

Fgp = Qsh (:N'I/inch at densicy (Fsh)]

= (114) | Look up on shaft magnetization curvﬂ
at density (113)

Where Qsh = effective length of shaft

LEAKAGE FLUX ACROSS THE FIELD COIL in Kilolines

G5 = (P5) [ (FyIMFgah2FQra(F HFpo)
HFpHF)HFsh) | x 1073

- (84) E123H120)+2(97)+2(98)H104)
4(104b)¥(104e)+(114) ] x 10-3

FLUX IN AUXILIARY GAP 23

FLUX DENSITY IN AUXILIARY GAP g3

_ (@g3) _ (118a)
Pg3 = (_g‘)‘Ag3 : 0wy
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(120) F AMPERE TURN DROP ACROSS THE AUXILIARY AIR GAP g3

Fg3 - %Bg&(gg x 103 - (_1.11_9) (59¢) x 103

(122) Bga [FLUX DENSITY IN AUXILIARY AIR GAP -

. (Fg2) _ (108)
P62 = Zgp T (0

(123) | F AMPERE TURN DROP ACROSS AUXILIARY GAP (g9)

_ (Bgz.)(géZ) x 103 - (1_23%%_921)_ X 103

(126a) ¢y FLUX IN YOKE

(126b) By YOKE DENSITY
B. - (By) _(126a)
Y " T&y) "(126b)
Where ay - yoke cross-sectional area

(126c¢) Fy AMPERE TURN DROP IN YOKE at no load

-4 [ NI/inch at density (By)]

- (126¢c)| Look up on yoke magnetization curve
at density (126b)

Where Ky = length of yoke
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(127)

(127a)

(127b)

(127c)

(128)

IFNL

EpNL

TOTAL AMPERE TURNS at no load

FNL = [2(FH2(F 1)K FpolHFpi M P K FsiIHFg2)(Fgah(Fy) |

2(98)+2(97)H104)H104b)#{104e) (1141234120} 126¢)

FIELD CURRENT - at no load

IpNL = (FNL)/(Np) = 127)/(146)

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no load

condition,

Er = (IFNLXR¢ cold) = (127a)(154)

CURRENT DENSITY - at no load. Amperes per square inch

of field conductor,

Sp = (IpND)/(3cp) = (1276)/(153)

AMPERE CONDUCTORS per inch - The effective ampere

conductors per inch of stator periphery. This
factor indicates the ''specific loading' of the
machine. Its value will increase with the rat-

ing and size of the machine and also will in-
crease with the number of poles. It will decrease
with increases in voltage or frequency. A is
generally higher in single phase machines than

in polyphase ones.

A . IPH)(ng)(Kp) (8)(30)(44)

(©) (Ts) T T(32)(26)
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(129)

(130)

REACTANCE FACTOR - The reactance factor is the quantity by
which the specific permeance must be multiplied to

give percent reactance. It is the percent reactance
for unit specific permeance, or the percent of normal
voltage induced by a fundamental flux per pole per
inch numerically equal to the fundamental armature
ampere turns at rated current. Specific permeance
is defined as the average flux per pole per inch of
“core length produced by unit ampere turns per pole.

100(A)(K ) . __100(128)(43)

X =
72 (C,)B) x10°  ¥Z (11) (95) x 10°

LEAKAGE REACTANCE - The leakage reactance of the stator
for steady state conditions. When (5) = 3, calculate
as follows:

Xy = X[(2) + (2g)] = 19)[(62) + (64) ]

In the case of two phase machines a component due

to belt leakage must be included in the stator leakage.
reactance. This component is due to the harmonics
caused by the concentration of the MMF into a small
number of phase belts per pole and 1s negligible for
three phase machines. When (5) = 2, calcuiate as
follows:

| _sm[r%] 90° Em Eg,%%:l 90°
2% %%{% ﬁnin;) - @)

e

X)= x[(]«i) + ()E) + O‘B)] where g * 0 for 3 phase machines.

Xg = (19)[_(62) +(64) + (130)]
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(131)

(132)

(133)

(134)

REACTANCE - direct axis - This is the fictitious reactance

due to armature reaction in the direct axis.

g(ne )(Iph )(Cm )(Kd)
17 o rirgriEea)

-9(45)(8)(74)(43)

Xad = 6[2(06)+(123)+(120)] * x 100

REACTANCE - Quadrature axis - This is the fictitious

reactance due to armature reaction in the quadrature

axis.

(Cq)(Xaq)
Xaq = ©m)CD
Xaq (75 (13%)

SYNCHRONOUS REACTANCE - direct axis - the steady state _

short circuit reactance in the direct axis.
= (Xl) + (Xaq) = (130) + (131)

SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq = (Xp) + (Xaq) = (130) + (132)
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(145) | V; PERIPHERAL SPEED - The velocity of the rotor surface in

feet per minute

v.. = 7r(dr)(RPM) _ 2 (1a)(7)
r 2 12

(146) | Np NUMBER OF FIELD TURNS

147) | L4 MEAN LENGTH OF FIELD TURN

(148) | -~ FIELD CONDUCTOR DIA OR WIDTH in inches

(149) | -- FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor.
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(150) XfOC FIELD TEMP IN °C - Input temp at which full load field loss

is to be calculated.

(151) | P RESISTIVITY of field conductor @ 20°C in micro ohm-inches.
Refer to table given in item (51) for conversion fac-
tors.

(152) 1 Ps RESISTIVITY of field conductor at Xg°C

(hot) -
oC . |

Pt thot) = Pr |F0C) * 2345 | _ (104) | (150) + 234.5

254.5 254.5 _|

(153) | act CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area (46) except substitute
(149) for (39)
(148) for (33)
(154) | R¢ COLD FIELD RESISTANCE @ 20°C
(cold)
- Ng) (i) Y (1
Rt (cold) = (Pp) = (151) (146) (147)
(155) { Rg¢ HOT FIELD RESISTANCE - Calculated at Xf°C (103)
(hot)
_ Np) W)
Rf (hot) = (Ps not) ) Ktr) - (52) (146) (47)
(156) | ~-- WEIGHT OF FIELD COIL in lbs.

#s of copper = .321(Nf)((tf)(acf)

= . 321(146)(6)(147)(153)
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(160)| Xy THE EFFECTIVE FIELD LEAKAGE REACTANCE - The

reactance which added to the stator leakage reactance

gives the transient reactance X' du’

When unit fundamental armature ampere turns are
suddenly applied on the direct axis, an initial field
current (If) will be induced. The value of this
initial field current will be just enough to make the
net flux interlinking the field because of the field
current and the armature current zero. The field

ampere turns will equal the armature ampere turns.

C1 : —
C
Xp = X4 -
F 1 4 AT
2C -f-‘; -
P N Aa
(71)

Xp= @31 [1- @

Where: - 6.38d) = 6.38(11)
re Aas Pge')  (6) (160)

/\F= Pe . (160a)
P @O
| 2(F o) + (Fga) + (Fga)

- 2(F g)

_ (69) |2098) + (123) + (120)]

g'e = (ge)

9 2(96)
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(160a)| P p, - P52 @ NL
(IfNL)(Ne) @ NL
Pe = (1273?31)6)
(161>) LF FIELD INDUCTANCE
LF = (Ng) Pg 1078
= (146)2 (160a)x 10°8
(161a) | \F SPECIFIC PERMEANCE OF FIELD
?\F=P1+P2+P3+P4+P5
= (80) + (81) + (82) + (83) + (84)
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(166) | X qu UNSATURATED TRANSIENT REACTANCE

X gu = (Xp) + (Xp) = (130) + (160)

(167)| X4 SATURATED TRANSIENT REACTANCE

X'gq = .88(X gy) = .88(166)

(168) | X d SUBTRANSIENT REACTANCE in direct axis

X'g = (X ) = (167)

1

(169) | X SUBTRANSIENT REACTANCE in quadrature axis

1A

X q° (xq) = (134)

(170) | X»o NEGATIVE SEQUENCE REACTANCE - The reactance due to

the field which rotates at synchronous speed in a

direction opposite to that of the rotor.

Xg = .5 (X'g + x"q] - .5 (l68) + (169)]

(172)| Xo ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star connected) for unit current in eac
of the phases. The machine must be star connected
for otherwise no zero sequence current can flow and

the term then has no significance.

If (28) = 0, then Xo = 0
If (28) # 0, then
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(173)

(174)

(175)

(176)

1.667 [(h,) + 3
X, x{ [+ g NE [ + (h3)]+.2(z,j

(M@K (KpD)

- a9 073 [eg) . z3cy] , 1667 [(22)+3(2z)]
&R [ ] (5)(25)(44) (43) (22)

1 (30)=1 Thenk_ =1
(30)#1 Thenk =) 3
o (m){@)

.36y

If (30) = 1 Then K
If (30) ;l 1

les 3(") ][3(31) If (31a)>.667

lez 73(”) ] [ 3@1) 1 If (31a) <.667

x1 =1

(44)

WHERE )5.6.38(d) . (.35 (10e)
P@e) () (69)
OPEN CIRCUIT TIME CONSTANT - The time constant of the

Bo @2[07(}-)] -(n—?—[.m(ns)j

field winding with the stator open circuited and with
-negligible external resistance and inductance in the
field circuit. Field Resistance at room temperature
(20°C) is used in this calculation.
T . - Lr_(161)

RF (159)
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(177) | T, ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

T, =__ 2 - (170)
20074T)r;) 2007 (5a)(177)

ry = (m)(IpE)*(RsPH _cold) _ (5)(8)%(53)

Where
Rated KVA x10? (2)x10!

(178) | T d TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating
wave.

X (167)
T = T =

d —()Ta)— (T go) 133) (176)

Ty

a9 |T 4 SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.
This value has been determined empirically from

tests on large machines. Use following values:

T

T g

. 035 second at 60 cycle

T

T g

. 005 second at 400 cycle

(180) | Fgc SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

Fsc = (Xg)i(Fg) = (133)(96)
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(181)

{182)

(183)

SCR

I°Ry

F&W

SHORT CIRCUIT RATIO - The ratio of the field current to

produce rated voltage on open circuit to the field
current required to produce rated current on short
circuit. Since the voltage regulation depends on the
leakage reactance and the armature reaction, it is
closely related to the current which the machine pro-
duces under short circuit conditions and, therefore,

is directly related to the SCR.

SCR = (FNL)/(Fgc) = (127)/(180)

FIELD IzR - at no load. The copper loss in the field winding

is calculated with cold field resistance at 20°C for

no load condition.
Field 2R = (IpNL)2 (Rf co1q) = (1272)2 (154)

FRICTION & WINDAGE LOSS -

For this calculation use the information given in
the Rotor Friction Analysis part of The Thermal

Study of Section C.
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(184) | WpnL | STATOR TEETH LOSS - at no load. The no load loss

(WrNL) consists of eddy current and hysteresis
losses in the iron. For a given frequency the no

load tooth loss will vary as the square of the flux

density.

. 453(byy  NQUs)(hg)(KQ)

WrNL

.453(57 )(23)(17)(22)(184)
Where Kq = (k) [(l;t)} (19) (glo)):l

(185) | W, STATOR CORE LOSS - The stator core losses are due to

eddy currents and hysteresis and do not change under
load conditions. For a given frequency the core loss

will vary as the square of the flux density (B.).
We= LTl Gtk

jT'Goaﬂ @) (17) (i 35)

Where Kq = (k) [(BC = (19) (%%y]

(186) | Wnp1,| POLE FACE LOSS - at no load. The pole surface losses are

due to slot ripple caused by the stator slots. They
depend upon the width of the stator slot opening, the
air gap, and the stator slot ripple frequency. The no
load pole face loss (Wpyp,) can be obtained from
Graph 2. Graph 2 is plotted on the bases of open
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slots. In order to apply this curve to partially open
slots, substitute b, for bg. For a better understand-

ing of Graph 2, use the following sample:

K} as given on Graph 2 is derived empirically and
depends on lamination material and thickness. Those
values given on Graph 2 have been used with success.
K] is an input and must be specified. See Item (187)
for values of Kj.

K9 is shown as being plotted as a function of (BG)‘?'5
Also note that upper scale is to be used. Another
note in the lower right hand corner of graph indicates
that for a solid line ( ), the factor is read
from the left scale, and for a broken or dashed line

( _), the right scale should be read.

For example, find K9 when Bg = 30 kilolines. First
locate 30 on upper scale. Read down to the inter-
section of solid line plot of Ky = £(Bg)2'5. At this
intersection read the left scale for K9. Ky = .28.

Also refer to Item (188) for Ko calculations.

K3 is shown as a solid line plot as a function of
(FsLT)'* %5,  The note on this plot indicates that the
upper scale X 10 should be used. Note FgrT = slot
frequency. For an example, find K3 when Fgi,T =
1000. Use upper scale X 10 to locate 1000. Read
down to intersection of solid line plot of K3 =

f(FSLT)l’ 65. At this intersection read the left scale
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(187)

for K3. Kg =1.35. Also refer to Item (189) for

K3 calculations.

For K4 use same procedure as outlined above except
use lower scale. Do not confuse the dashed line in
this plot with the note to use the right scale. The
note does not apply in this case. Read left scale.

Also refer to Item (190) for K4 calculations.

For K5 use bottom scale and substitute by for bg
when using partially closed slot. Read left scale
when using solid plot. Use right scale when using
dashed plot. Also refer to Item (191) for Kj cal-

culations.

For Kg use the scale attached for C; and read Kg
from left scale. Also refer to Item (192) for Kg

calculations.

The above factors (K3), (K3), (K4), (Ks), (Kg) can
also be calculated as shown in (188), (189), (190),
(191), (192) respectively.

WpNL =7Hd(AK (K (K 3N K4)(K5)(Ke)
=7-(11)(13)(187)(188 )(189)(190)(191)(192)

Kj is derived empirically and depends on lamination material
and thickness. The values used successfully for Kj

are shown on Graph 2. They are:
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(188)

(189)

(190)

N
I

= L.17 for .028 lam thickness, low carbon steel

1.75 for .063 lam thickness, low carbon steel

3.5 for .125 lam thickness, low carbon steel

7.0 for solid core

K) is an input and must be specified on input sheet.

K2 can be obtained from Graph 2 (see Item (186) for explana-

tion of Graph 2) or it can be calculated as follows:

K2 = (Bg) = 6.1 x 1075 (Bg)2.-5

6.1 x 1079 (95)2.5

K3 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:
K3 = f(FsLT) = 1.5147 x 103 (Fgy )l 65

= 1.5147 x 10”2 (189)l- 65

Where Fsrr - G (q)

- (@
= 5 (23)

O

K4 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

For 74 § .9
K4 = £(75) = .81(75)!- 285
= .81(26)l- 285
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A

For .9 < 74 £ 2.0

Ky = £ g) =TT 140

- 79(26)1' 145

FOI'TS >2. 0

).79

.92(T7s

) 79

K4 = £(7s)

= .92(26

(91) | K5 K5 can be obtained from Graph 2 (see item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

For (bg)/(g) = 1.7

.3 [(bs)/(g)] 23

.3 Bzz)/(sg) 2.31

K5 = f(bg/g)

NOTE: For partially open slots substitute b, for bg

in equations shown.
For 1.7« (bs)/(g) < 3
K5 = f(bs)/(g) = .35 [(bs)/(g)] 2
- .35 [(22)/(59)] 2
For 3<(bs)/(g) < 5
Ks = (bs)/(g) = .625 [(bs)/(g) ] 1+4

- .625 Kzz)/(sgﬂ 1.4
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For (bs )/(g) >5

K5 = £ (bg) /(g) = 1.38[(bs) / (@) |-965
=1.38 Ezz)/(sg)] . 965

(192) | Kg Kg can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:
Kg = £(C]) = 10 E9323(c1) - 1.60596]
= 10 E9323(71) - 1. 60595

194) | 2R STATOR I%R - at no load. This item = 0. Refer to Item
(245) for 100% load stator I2R.

(195) | -- EDDY LOSS - at no load. This item = 0. Refer to Item
(246) for 100% load eddy loss.

(196) | -- TOTAL LOSSES - at no load. Sum of all losses.
Total losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)
= (182) + (183) + (184) + (185) + (186)

NOTE: The output sheet shows the next items to be:
(Rating), (Rating + Losses), (% Losses),
(% Efficiency). These items do not apply to
the no load calculation since the rating is
zero. Refer to Items (248), (249), (250), (z51)

for these calculations under load.

The no load calculations should all be repeated now

for 100% load.
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y GovoR )
(196a) ¢¢! _LEAKAGE FLUX PER POLE at 100% load

s - ag{@angH- [t +eos @0 r0)

(Fg) + (FT) + (FQ)

- (100 {198)96) + [1 + cos (1982) | 97 + (98)
: @8 + 07 + (99)

(198) | eq Where eq = cos€ + (Xg) sinY

cos (198a) + (83) sin (198b)

(198a) | € Where 0 = cos-1 BPower Factor)]
- cos~1 [(9)]
i (
Where Y = tan~! [Sm (9) tos’;g; /(100)

- tan-1[ sin (198a) + (134) / '(1003
cos (198a)

Wnere€ = Y - 0 ='(1982) - (198a)

(207) | @qL | STATOR TO ROTOR FLUX LEAKAGE at full load

@1L=P7 [AFO+2Fr) [I*COS(OﬂHFgZL)*(EgsL)KFPOL)KFpiL)]x 107
3

- (89 [2(98)42(97)E1+cos(198a +(225)*(231)+(222a)+(22205]x 10-3
. ,

(213) | Opp, | FLUX PER POLE at 100% load

For P.F. 0 to .95

gpL = (@p) [(ed) - '931‘;;“" sin N)}

- (92) [(198 ) - 2238 g (lssaﬂ
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For P.F. .95 to 1.0
OpL = (Fp)Ko) = (92)(9a)

(213a) | OprL, |TOTAL FLUX PER POLE at 100% load

OPTL = ¢pL+9£PL z (213)+(126a)

(221) | @g21, |AUXILIARY GAP (gg) FLUX

Fg2L = (Fg3L) = (rD) = (Behp) = (GpL) 5 Ho7)
- (213)%7«207)

(222) B FLUX DENSITY IN OUTER POLE at full load

poL

dprL_ (213a)
Ago = (T9)

Bpo =

(222a) | F AMPERE TURN DROP THROUGH OUTER POLE at full load

FpoL = ({po) [ NI/inch at density (BPOL]

(104) Look up on pole magnetization curve]

at density (222)

(222b) | B

piL FLUX DENSITY IN INNER POLE at full load

B, - 9PTL _ (213a)
L v (79a)

k=55



(222c¢) FpiL AMPERE TURN DROP THROUGH INNER POLE at full load

FpiL = lpi [Nl/inch at density (Bpi‘_ﬂ

- (104b) | Look up on pole magnetization curve at}

density (222b)

(222d) | By, FLUX DENSITY IN ROTATING OUTER RING at no loaa

_ GrL . (221)
Pre = A © (1044)

(222¢) | Fpq, AMPERE TURN DROP IN RING at full load

Fri = &) [NI/inch at density (Br)]

- (104e) | Look up on ring magnetization curve at]

density (222d)

(224) | Byyy, |FLUX DENSITY IN AUXILIARY GAP under load

- Gg2r - (221)
Bngn- :{:E—- —Fﬁﬁ

(225) Fg2L AMPERE TURN DROP IN AUXILIARY GAP (gl)

FgoL = (—B§2‘TI§) (g2) x 103

3

©

- (2—214) (59a) x 103
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(226)

(229a)

(229D)

(229c)

(230)

(231)

¢5L

Bg3L

l:‘g3L

LEAKAGE ACROSS FIELD COIL

P5 [2AF2(Fr) [1+c0s(0)) (Fgau)ifFgaHF por) HFpi1)
+(FrLHFgp1) ~(F, Lﬂ)( 107

@51,

(84) [2(98)1—2(97) [1 +cos(198a_)]+(225)+(231)+(222a)+(222c)
+(222e)+(233)+(229c)] x 1073

FLUX IN YOKE BACK OF COIL at full load

FLUX DENSITY IN YOKE BACK OF COIL at full load
B, - (Fyd) _ (229a)
y (A"yyY (126Db)
AMPERE TURN DROP IN YOKE at full load
FyL = §y [ MVinch at density (ByL)]

= (123¢) [Look up on yoke magnetization curwj

at density (ayy

GAP DENSITY IN AUXILIARY GAP (g3) at full load

_ (Fg3r) _ (221)
el 2 2y T (70a)

AMPERE TURN DROP ACROSS GAP at full load

Fg3 = (_g&i%i (g3) x 103

%2_3% (59¢) x 103
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(232)

(233)

(236)

BshL

. FshL

SHAFT DENSITY at full load

- @shL) _ (221)
(Ash) m

SHAFT AMPERE TURN DROP

FshL = ({5p) [Nl/inch at density (Bsh)]

= (1149) Look up on shaft magnetization curve]

at density (232)

TOTAL AMPERE TURNS at full load

FrL

2(F H-2(Fp) [1+cos(0)] t (Fg2r) HFg3 1) +(Fpo M Fpip)
HFrD)HFghp)HFy1)

2(98)+2(97) [1+cos(198a) +(225)H231)H222a) +(222¢)
+(222€)4{23314229¢)
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(237)

(239)

(238)

(241)

(242)

IrrL

ErryL

IzRF L

WrrL

FIELD CURRENT at 100% load

IrrL = (FFL)/(NF) = (236)/(146)

CURRENT DENSITY at 100% load

Current Density = (IFFL)/(acf) = (237)/(153)

FIELD VOLTS at 100% load - This calculation is made with ho

field resistance at expected temperature at 100% load.
Field Volts = (IFFLXRt hot) = (237)(155)

FIELD I°R at 100% load - The copper loss in the field winding
is calculated with hot field resistance at expected

temperature for 100% load condition.

Field IR = (Ipp1)2(Rs pot) = (237)2(155)

'STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load because of
the parasitic fluxes caused by the ripple due to the

rotor damper bar slot openings.

WTFL = [27( )(%I:;gaﬂ "'1}(WTNL)
o

= {2 . 27(133) 1] 1.8 +§ (148)

100



(243)

(245)

(246)

(247)

WprL

POLE FACE LOSS at 100% load

~

2
l—(_Ksc)(IPH)&mL%ﬂ (ns—)l + 1L (WpNL)
L[_ (C)Fg)

J
( 2
L

WprL =

(Kgc) is obtained from Graph 3

STATOR I2R at 100% load - The copper loss based on the D.C

resistance of the winding. Calculate at the maximum

expected operating temperature.
R = (m)ipn)? RspH not) 2 jeed)
= (5)(8)2 (54) 1

EDDY LOSS -~ Stator I2R loss due to skin effect

Eddy Loss =EEF top) + (EF bot) . ] (Stator I2R)

2

(55) + (56)
0 e

TOTAL LOSSES at 100% load - sum of all losses at 100% load
Total Losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Stator I°R) + (Eddy Loss)
= (241) + (183) + (242) + (185) + (243) + (245) + (246)
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(248)

(249)

(250

(251)

RATING IN KILOWATTS at 100% load

Rating = 3(Epyg)Ipyg) X (P.F.)

3(4)8) X (9 x 1073

!
RATING PLUS LOSSES = (248) + (247) x 10°3

=3
Losses x (100) X0
%——I—QSEE—S Rating Plus Losses

(247) x 10-3 x 102
(249)

% EFFICIENCY = 100% - % losses
= 100% - (250)

These items can be recalculated for any load condition

by simply inserting the values that correspond to the %

load being calculated.

Values for F&W (183) and W (Stator Core Loss) (185)

do not change with load.

N-61






SECTION P

e |

DESIGN MANUAL FOR
HOMOPOLAR INDUCTOR A-C GENERATOR

SECTION P

T



Vi i D DR Do DR Tuesd NN TR T LRI B TR YRR R RRTT e vl el e




INPUT AUXILIARY DATA SHEET

Auxiliary information taken from the design manuals to be used in conjunction with input sheets for
convenience.
A. Al dimenslons for lengths, widths, and diameters are to be given in inches,

B. Resistivity inputs, Items (141) and (151) are to be given in micro-ohm-inches.

The following items along with an explanation of each are tabulated here for convenience. For complete
explanation of each item number, refer to design manuals,

Rem No, Explanation

) Power factor to be given in per unit. For example for 90% P.F., insert ,90,
Adjustment Factor - For P.F. < .95 insert 1,0
e For P.F. > .95 insert 1,05
(10) Optional Load Point -- Where load data output is required at a point other than those given
as standard on the Input sheet. Example: For load data output at 155% load, insert 1,55,
(14) Number of radial ducts in stator.
(15) Width of radial ducts used in Hem (14).
(18) Magnetization curve of material used to be submitted as defined in Item (18).
(19) Watts/1b, to be taken from a core loss curve at the density given in Rem (20) (Stator).
(20) Density in kilolines/in2, This value must correspond to density used to pick Item (19)
usually use 77.4 KL/in2,
(21) Type of slot - For open slot Type A, insert 1.0.
For partially open slot Type B with constant slot width, insert 2,0.
For partially open slot Type C with constant tooth width, insert 3.0.
For round slot Type D, insert 4.0,
For additional information, refer to figure adjacent to input sheet which
shows a picture of each slot,
(22) For stator slot dimension - for dimensions that do not apply to the slot insert 0.0,

Use Table below as guide for input.

Slot Type
Symbol Item 1 2 3 4
b, (22) 0.0 * * *
b1 0.0 0.0 * 0.0
bo 0.0 0.0 * 0.0
b3 0.0 0.0 * 0.0
bg * * ® *
hg 0.0 * * *
hy * * * 0.0
hy * 0.0 0.0 0.0
h3 * * 0.0 0.0
hg * * * *
hy 0.0 * * 0.0
by / 0.0 * * 0.0

* g Ingert actual value.
b1 4+ b3
Pabg a5



Item No.

Explanation

(28)

(29)

(30)
(33)
(34)
(34a)

(35)

(37
(38)
(39)

(40)

(42a)

(48)

(87)

(137)

(138)
(140)
(148)
(149)

(187)

(11)
(72)
(73)
(719

(75)

Type of winding -~ for wye connected winding insert 1___0.
for delta connected winding ingert 0,0.

Type of coil - for formed wound (rect. wire), insertl._oi

for random wound (round wire) insert 0,0,
Slots spanned - Example - for slot span of 1-10, insert 9,0.
For round wire insert diameter. For rectangular wire ingert wire width,
Strands per conductor in depth only.
Total strands per conductor in depth and width,
Diameter of coil head forming pin. Ihsert .25 for stator O.D. < 8 inches;

Isert .50 for stator O.D. >8 in, D Pin
Use vertical height of strand for round wire, insert 0,.0.
Distance between centerline of strands in depth. Insulation @;‘ Mst
Stator strand thickness -- use narrowest dimension of the two dimensions given for a
rectangular wire. For round wire insert 0.0.
Stator slot skew in inches.
Phase belt angle - for 60° phase belt, insert 609,
for 120° phase belt, insert 1200,

See explanation of items (71), (72), (73), (74) and (75). Same applies here.
When no load saturation output data is required at various voltages, insert 1.0,
When no load saturation information is not required, insert 0.0.
Damper bar thickness -- use damper bar slot height for rectangular bar. For round
bar insert 0.0.
Number of damper bars per pole.
Damper bar pitch in inches.
For round wire insert diameter, For rectangular wire insert wire width,
For rectangular wire insert wire thickness. For round wire insert 0.0,
Pole face loss factor. For rotor lamination thickness .028 in, or less, insert 1.17.
For rotor lamination thickness .029 in. to .063 in, insert 1.75.
For rotor lamination thickness .064 in. to .125 insert 3.5,
For solid rotor insert 7.0,
K the values of these constants are available, insert the actual number. K they are
not available, insert 0.0 and the computer will calculate the values and record them on

the output.



HOMOPOLAR COMPUTER DESIGN (INPUT)

P-01

MODEL EWO DESIGN NO(1)
(2) |Xva [GENERATOR KVA FUND/MAX OF FIELD FLUX M oy |
(3) |€ LINE YOL TS WINDING CONSTANT (72) | Cw e
(4 |Eph | PHASE voL TS POLE CONST. @[ |%
el 5) [m PHASES END EXTENSION ONE TURN 48 |LE g
Wi (sa) ¢ FREQUENCY DEMAGNETIZATION FACTOR (74) |[Cam S
wi ey [p POLES ] CROSS MAGNE TIZING FACTOR 75) | cCq
& Trew [eew POLE WIDTH 76 |bp |
<] 8 |1 ph |PHASE CURRENT POLE LENGTH M ¢
9 |er POWER FACTOR POLE HEIGHT (76) he ]
(9a) |Kec ADJ. FACTOR POLE HEIGHT (EFFECTIVE) (76) |n’, <
(10) OPTIONAL LOAD POINTY POLE EMBRACE 77 oc §
ay {4 STATOR LD, ROT OR DIAMETER (M) |9 =
«1 09 o STATOR 0.D. STACKING FACTOR (ROTOR) 18 | x °
HIBEBEY GROSS CORE LENGTH WEIGHT OF ROTOR IRON (157) (=)
ol e e, NO. OF DUCTS POLE FACE LOSS FACTOR (187 | (k1) |
Sl asy Je, WIDTH OF DUCT WIDTH OF SLOT OPENING (135)  ]bpo
o (G STACKING FACTOR (STATOR) HEIGHT OF SLOT OPENING (135)  [hbo
oo |« WATTS/LB. DAMPER BAR DIA. OR WIDTH e 1 ) |,
(200 |8 DENSITY RECTANGUL AR BAR THICKNESS |37y hy <
(21) TYPE OF SLOT RECTANGULAR SLOT WIDTH (135)  [bbi x
(22) [boe SLOT OPENING NO. OF DAMPER BARS (138)  |nb a
22) b1 SLOT WIDTH TOP DAMPER BAR LENGTH (139) [2 s E
(22) |b2 DAMPER BAR PITCH (140) |7y
220 fb3 RESISTIVITY OF DAMP. BAR ¢ 20° |(141) | Pp
ol 2 |, SLOT WIDTH DAMPER BAR TEMP oC (42) _l1xg oc .
il (22) |he SHAFT DIAMETER (780) |Dah
§ (22) |y SHAFT 1.D. (78«) |dsh E
< 2 |m SHAFT EXT. DIAMETER (78a) |d'yp |Z
“i@22) I3 LENGTH OF SHAFT (780) | € b ]
(22)  |hy SLOT DEPTH TYPE OF YOKE (78)
(22) [y YOKE THICKNESS (78) iy w
22) [bw YOKE THICKNESS (78) tye X
(23) 1Q NO. OF SLOTS YOKE THICKNESS (78) tye >
(28) TYPE OF WDG. YOKE 1.D. (78) dyc |
(29) TYPE OF COIL FIELD COIL INSIDE DIA. (78) deoll
(30) [ns CONDUCTORS/SLOT FIELD COIL OUTSIDE DIA. 78) Deoil |
an [y SLOTS SPANNED FIELD COIL WIDTH (78) bgoil
32 |< PARALLEL CIRCUITS NO, OF FIELD TURNS (148a) | NF o
ol 63 STRAND DIA. OR WIDTH MEAN LENGTH OF FLD. TURN aan | 2w i3
zl go Iw STRANDS/CONDUCTOR FLD. COND. DiA. OR WIDTH (148) “
Z| (Ma) |N'st | STRANDS/CONDUCTOR FLD. COND. THCKNESS (149}
> (39) STATOR STRAND T'KNS FLD. TEMP IN ° ¢ SQ) X§°C
817 @5 [2,  |owa oF pim [RESISTIVITY OF F L
<1 B8 | g .2 |COIL EXT. STR. PORT INO LOAD SAT. (87
“[an Thy JuninssTRO. T [FmicTIoN & WinDWGE (Faw |
(38) In’yy | DIsT. BTWN. CL OF sTD. LEAKAGE PERME ANCE Pm 3
(420) PHASE BELT/ANGLE LEAKAGE PERMEANCE (84a) Ps Z
(40) | T [STATOR SLOT SKEW LEAKAGE PE RMEANCE (850) | P¢ 5
(59 1X4°C |STATOR TEMP °C } LEAKAGE PERMEANCE @®6a) [Py |W
(51) |2, |RES'TVY STA. COND. @ 20° C TOR LAM MTR'L 8 o
o] 69 [omin [MINIMUM AIR GAP ROTOR LAM, MTR'L (18) x
O (59a) [gmox |MAXIMUM AIR GAP QKE MIR'L A8 3
DESIGNER
DATE
’
REv. B STATOR SLOT POLE



SUMMARY OF DESIGN CALCULATIONS - HOMOPOL AR INDUCTOR (OUTPUT)

MODEL EWO DESIGN NO.
(17 (R «) [SOLID CORE LENGTH CARTER COEFFICIENT (67) (Ks )
(24) (he) |DEPTH BELOW SLOT AIR GAP AREA PER STATOR [(&8) ( ~ ) |a
(26) (T~ |sLor pitcH AIR GAP PERM 70 (Aq) |0
(27) (T51/3] SLOT PITCH 1/3 DIST. UP EFFECTIVE AIR GAP (69) (go)
(42) (K 5k) |SKEW FACTOR FUND/MAX OF FLD. FLUX (m) (€1)
(43) (kg) |pbisT. acTOR WINDING CONST, (72) (€ W) E
(44) (Kp ) |PITCH FACTOR POLE CONST. ) (€p) [<
{45) (me) |EFE. CONDUCTORS END. EXT. ONE TURN (49) (Le) |2
%|(46) (ac) |COND. AREA DEMAGNETIZING FACTOR (74) (Cu) O
%LU _(ss) |CURRENT DENSITY (STA.) CROSS MAGNETIZING FACTOR | (75) (Cq)
Slun ) [172 mean TURN LENGTH AMP COND/IN (128) (A)
(53) (Rph) | COLD STA, RES. 20° C REACTANCE FACTOR (129 00
(S4) _(Rgm,) [HOT STA. RES ¢ X° C LEAKAGE REACTANCE (130) (Xg )
(55) (EFyop)| EDDY FACTOR TOP REACTANCE OF (131) Xy !
{56) (e EDDY FACTOR BOT ARMATURE REACTION (132) M aq) i
62} (A |)|STATOR COND, FERM. SYN REACT DIRECT AXIS (133) (X 4)
(64) {Aq) |END PERM, LYN REACT QUAD AXIS | (134) (Xq) luw
(65) ( ) |WT.OF STA COPPER FIELD LEAKAGE REACT (160} (X¢ ) |%
(66) () |WT. OF STAIRON FIELD SELF INDUCTANCE aehwe ) |~
C(80c) (Pm ) | LEAKAGE PERMEANCE — JoamPEr ‘ (163) (xp ¢) | 2
Z1(84a) (P s) | LEAKAGE PERMEANCE LEAKAGE REACT (165) (Xp, ) I*
'é‘ (850) (P 6) | LEAKAGE PERMEANCE UNSAT. TRANS. REACT (166) (X'dy }
____‘:: (880) (P 7) | LEAKAGE PERMEANCE SAT. TRANS. REACT (167) (X* 4 )
(153) (o cp) | FLD. COND. AREA  ~ SUB. TRANS.REACT DIRECT AX. | (168) (X" '3)
{154) (R £) | COLD FLD RES @ 20° C SUB. TRANS.REACTQUAD AX. (169 (x** )
§ (155) (R F) | HOT FLD RESe X° C NEG SEQUENCE REACT (170) (x2 ) -
Ol (156) ( ) |WT.OF FLD. COPPER ZERO SEQUENCE REACT (172) (X0 )
{157) () |wWT. OF ROTOR IRON TOTAL FLUX (88) by )
7 {(145) (v, ) | PERIPHERAL SPEED: FLUX PER POLE 02) «bp) |Z
o GAP DENSITY o) Bg) |F
w] (176) (T4,) |OPEN CIR. TIME CONST. TOOTH DENSITY on (By) N
mg (177) (Ta) | ARM TIME CONST. L CORE DENSITY (94) (8¢) _E.
201178 (T'4) | TRANS TIME CONST. ~ TOOTH AMPERE TURNS n (Fy) 16 -
§ (179) (T"°4) | SUB TRANS TIME CONST. CORE AMPERE TURNS (98) (Fc ) 1=z
(180) (F,c) | SHORT CIR. Ni " GAP AMPERE TURNS (96) (Fg) ‘
PERCENT LOAD 0 ‘ 100 L 200 OPTIONAI
(®m)_(91a) LEAKAGE FLUX - Fmi_(2020) T e
(Fy™™)(96a) GAP AMPERE TURNS TRt (203) T
{85 ) (104b)POLE DENSITY Bpl (213b)
(By) (91c) TOOTH DENSITY By (208)
(B (113) SHAFT DENSITY ) |Bant_@159) N i
{(B.) (94) CORE DENSITY B (2009) )
(Byc) (1250)COIL YOKE DENSITY Bycl (228q)
(Fal) _(127) TOTAL NI (F¢l ) (236)
(1inl) (127a)FIELD AMPS (1¢5) ) (237)
a (SF ) (127¢) CUR.DENS.(FLD.) (S ) (239) )
S (Ep) (127) FIELD VOLTS (Ee1) (238) —
o (2R, )(182) FIELD LOSS 7R, ) (241)
@ (Faw) (183) F&W LOSS (F&W) (183)
S (Wypy) (184) STA TOOTHLOSS i
T (wo) (185) STA CORE LOSS we) (183)
(Waqp (186) POLE FACE LOSS Wpl ) (243)
(Wgn1) (193)DAMPER LOSS , (Wag1 ) (244) .
(2R, X194) STATOR CU LOSS (12R,, J (2487, -
{=) (195) EDDY LOSS (-) (246
(=) (196) TOTAL LOSSES (=) N
| (=) (- )RATING (xW) (~) (249)
\ {=) (-)PERCENT EFF. (-) (251) -

\ P-02 DESIGNER DATE REV. A



HOMOPOL AR

NO LOAD SATURATION OUTPUT SHEET

ITEMS

YOLTS

(1) (€)
YOLTS

(962) (F vm)
AIR GAP A.T,

(94) 8 )
CORE DENSITY

98) (F )
CORE AT,

oh @ )
TOOTH DENSITY

(97) (F ) !
TJOOTH A.T.

(104b) (Bp)
POLE DENSITY

(106a) (F )
POLE A.T.

(13)  (Bgyy)
SHAFT DENSITY

(M8 )  (Fgy)
SHAFT A.T.

(25a)(Byc)
YOXE DENSITY

an (F )
TOTAL AT, (M,4)

807

907

100%

110%

120%

130%

1407

150%

160%

P03

REV. A




‘&) Open Slots {b) Constant Slot Width

1
-

} 13 :

Dl

TYPE 1 ’; L‘h—ﬂi

(Type 5 is anopen L {L——J

slot with 1 conductor }—-{:i
per slot) mbs

TYFPE 3

by for type 3 is

1
B

p-0Oh4



HOMOPOLAR INDUCTOR GENERATOR
COMPUTER DESIGN MANUAL

(1)
(2)
@)
4)
(5)
(5a)
(6)
(M
(8)
(9)
(9a)
(10)
(11)
(11a)
(12)
(13)
(14)
(15)
(16)
17)

u

[=))
iz ]

Nl >~ U

Ls

DESIGN NUMBER

GENERATOR KVA
LINE VOLTS
PHASE VOLTS
PHASES
FREQUENCY
POLES

SPEED

PHASE CURRENT
POWER FACTOR

ADJUSTMENT FACTOR

LOAD POINTS

STATOR PUNCHING 1.D,
ROTOR O.D.

PUNCHING O.D.

GROSS STATOR CORE LENGTH
RADIAL DUCTS

RADIAL DUCT WIDTH
STACKING FACTOR

SOLID CORE LENGTH

P-1



(18)

MATERIAL - This input is used in selecting the proper mag-

60
5 50
Q
=
=
S 40
R
S 30
&
g 20
a

10

netization curves for stator;

yoke; pole, and shaft; when dif-
ferent materials are used. Separate spaces are
provided on the input sheet for each section men-
tioned above. Where curves are available on card
decks, used the proper identifying code. Where
card decks are not available submit data in the

following manner:

The magnetization curve must be available on semi-
log paper. Typical curves are shown in this manual
on Curves Fi5 3 Fie Draw straight line segments
through the curve starting with zero density. Re-
cord the coordinates of the pcints where the

straight line segments intersect. Submit these
coordinates as input data for the magnetization
curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

Max.
Point Sample
Input Data

Density NI

Straight Line
Segm ent

\

=
N

55

0
10
27
32
40
48
55

‘Intarsection of
-Straight Line
Segments

Q0 =3 O O o €O DN

_
DO —
covnOun®

1 3 %5 1 t6 8 1b 2b
Ampere Turns Per Inch

P-2



(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(31a)
(32)
(33)
(34)
(34a)
(35)
(36)
(37)
(38)

WATTS: LB

DENSITY

TYPE OF STATOR SLOT

ALL SLOT DIMENSIONS

STATOR SLOTS

DEPTH BELOW SLOTS

SLOTS PER POLE PER PHASE

STATOR SLOT PITCH

STATOR SLOT PITCH

TYPE OF WINDING

TYPE OF COIL

CONDUCTORS PER SLOT

THROW

PER UNIT OF POLE PITCH SPANNED
PARALLEL PATHS

STRAND DIA. OR WIDTH

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH
NUMBER OF STRANDS PER CONDUCTOR
DIAMETER OF BENDER PIN

COIL EXTENSION BEYOND CORE

HEIGHT OF UNINSULATED STRAND

| DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH

P-3



(39)
(40)
(41)
(42)
(42a)
(43)
(44
(45)
(46)
(47)
(48)
(49)
(50)
61)

(52)

(53)

(hot)

(cold)

STATOR COIL STRAND THICKNESS
SKEW

POLE PITCH

SKEW FACTOR

PHASE BELT ANGLE
DISTRIBUTION FACTOR

PITCH FACTOR

TOTAL EFFECTIVE CONDUCTORS
CONDUCTOR AREA OF STATOR WINDING
CURRENT DENSITY

END EXTENSION LENGTH

1/2 MEAN TURN PER STATOR
STATOR TEMP ©oC

RESISTIVITY OF STATOR WINDING

RESISTIVITY OF STATOR WINDING

STATOR RESISTANCE/PHASE

Repyy = 2/ @(Ly x 1078
(cold) - (m)(ac)(c)2

- 2(51)(30)(23)(49) x 10-6
(5)(46)(32)2




(54) | Rspy | STATOR RESISTANCE/PHASE

(hot) |
a2 2(Psmot) (N @ ) x 107
SPH - () (ag) (0)2
(hot) C
- 2(52)(30)(23)(49)(10-5)
(5)(46)(32)2
(55) | EF | =pbpY FACTOR TOP
(top)
(56) | EF EDDY FACTOR BOTTOM
(bot) .

(57) btm STATOR TOOTH WIDTH

(57a) | by1/3 | STATOR TOOTH WIDTH

(58) | by TOOTH WIDTH AT STATOR ILD. IN INCHES
59) | g MAIN AIR GAP IN INCHES

(60) | Cx REDUCTION FACTOR

61) | Ky FACTOR USED IN CALCULATING (60)

®62) | A CONDUCTOR PERMEANCE

63) | kg LEAKAGE REACTIVE FACTOR

649 | Ag END WINDING PERMEANCE

65) | -- WEIGHT OF COPPER
66) | -- WEIGHT OF STATOR IRON
67 | Kg CARTER COEFFICIENT
(68) | A, MAIN AIR GAP AREA

69) | ge EFFECTIVE AIR GAP
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(70¢) [ AV, AIR GAP PERMEANCE

(71) ¢y THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form.
(72) Cw WINDING CONSTANT
(73) Cp POLE CONSTANT

(74) Cum DEMAGNETIZING FACTOR

(75) Cq CROSS MAGNETIZING FACTOR
(76) | -- POLE DIMENSIONS LOCATIONS
Where: b
- Lp >
/?p length of pole (one end only) *
bp width of pole :’P\
hp height of pole at center L ) ff‘/(
h'p effective height when rotor is tapered //V
all dimensions in inches
() | POLE EMBRACE
(77a) | -- The permeance paths for the leakage fluxes in

the homopolar inductor are designated Py,
P5, P6’ P7 and the leakage fluxes that leak
through the above permeance paths carry the

same subscript.




The leakage fluxes are shown on the following
schematic drawing of a homopolar inductor and
also on the schematic drawing showing the mmf

drops in the flux circuit.

This computer program is set up to handle the
permeance calculations two ways:
1) Pp, Ps5, Pg, Py can be calculated
by the computer. For this case, insert

0. on the input sheet.

2) P, Ps, Pg, Pq can be calculated by
the designer. For this case, insert the

actual calculated value on the input sheet.

Permeance calculations Py through P are all

based on the equation -

p - A (area)

where/«( = 3.19
Area= cross sectional area perpendicular
to flux

X = length of path
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(78)

YOKE AND COIL DIMENSIONS FOR THREE TYPES OF
HOMOPOLAR INDUCTOR CONSTRUCTION

There are three common types of housing or yoke con-

struction and each must be calculated differently.

Type I

The first type of housing is straight and of uniform

thickness

< [ —pfe— Pcoil e [_;.4

Y
2 t
IS COIL A

/
§ STATOR 'STATOR 2

The coil is located axially between the stator stacks and
radially between the output winding and the housing or yoke
QY = (bepil + 2/3Q ) assuming that the effective length of

the yoke for the flux density calculated is 1/3 of the stack

" length,



| I by
~<— Pcoil St i
t

In the second type of housing, the excitation coil is so
located that the housing or yoke must be jogged out to

accommodate it.

Type II

In the third configuration, the housing is tapered over
the stator and the yoke density is approximately uniform
over most of the stator stack length. The yoke length in

this case can be taken as 3/4 over each stack.
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/Jf I~~~ -
COIL

STATOR

VPSR SR

—— o cwm e e o

STATOR

beoil = coil width

tyr = yoke thickness

tyc = yoke thickness

ty = yoke thickness

dyc = yoke ID

deoi] = field coil inside dia.

Deoi] = field coil outside dia.

p-9a



(78a)

(79) | a,

SHAFT DIMENSIONS

dgy, _l,_-hP |
s Y

N

\‘ Gsh /
\

[\
L

h!
//_

i
— |

POLE AREA - The effective cross sectional area of the pole.

ap = (bp)( {p)(K;y) = (76)(76)(16)

K= 1.0 For sewid RoToR
P-10



(80c)

Py LEAKAGE PERMEANCE FROM ROTOR TO STATOR

BETWEEN ROTOR LOBES OR ROTOR TEETH

POLE PITCE

STATOR | ' l
| T —
ROTOR — P
POLE | —POLE PLIC: ROTOR
by | (MORT > | POLE
POLE) | | (sou s
I POLE)
_3.19(m)(@dr) (L) _10(11a)(13)
m P(h'p + g) (6)(76) + (59)]

Use effective pole height (h'p) when the rotor

is tapered and the actual height (hp) when the

rotor is straight.

P-11



(84a)

(85a)

Py

LEAKAGE PERMEANCE - across the field coil

-
-

2

Deoil - deoil De¢oil + deoil 1
P5 = 3.19 2

2
3

beoil

6. G?S) - (78)] [(73) . (72‘—\

7
4 (78

)

LEAKAGE PERMEANCE FROM STATOR TO STATOR

Pg = 3.19 deoil - d )] deoi1 +4 | o
2 2

bcoil

10 [8) - (11
=3

1) () + an)

(78)

P-12
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(86a)

LEAKAGE PERMEANCE FROM STATOR TO SHAFT AND
ROTOR

ROTOR SHAFT

,--"‘

p: ’ E* dsh] [D d]
D - dsh]

. 3.190r) Eu) + o) a2 - an)
[12) - (184)

P-13



87

(88)

(91)

(91a)

(91Db)

w

NO LOAD SATURATION CALCULATIONS - The next

calculations deal with no load saturation. When
the no load saturation data is required at various
voltages, insert 1. on input sheet for "No Load
Sat.'" The computer will then calculate the
complete no load saturation curve 80, 90, 100,
110, 120, 130, 140, 150 and 160% of rated volts.
When complete saturation data is not necessary,
insert 0. on input sheet and the cc nputer will

calculate data for rated voltage.

TOTAL FLUX in Kilolines

TOOTH DENSITY in Kilolines/in?

Leakage flux from rotor to stator between /the rotor

lobes (poles or teeth).

G = (P (Fy) x 107 = (80c)(96)(1073)

Area of the teeth of one stator at a point 1 /3 the length
of the tooth out from the bore.

Ar = Q IS bi1/3 = (23)(17)(57a)

P-14



(91c)

(92)

(99

(94a)

(95)

(96)

Ac)

The flux density in the stator teeth in Kilolines/ inz, at

no-load rated voltage.

By = O+ @n)(®)  (88) + (91a)(6)
T (A7) (91b)

FLUX PER POLE in Kilolines

The flux density in the core in Kilolines/ in? at no-load

rated voltage.

B, - %) * @m)_ (92) + (91a)
(Bg) (942)

EFFECTIVE AREA OF THE CORE

A, - D-2h0) Ths ]}12)-2(24)] = (17)
P )

GAP DENSITY in Kilolines/ in2 - The maximum flux dénsity

in the air gap.

B . () i (88)
€ 7R ~ #w{IAD{3)

AIR GAP AMPERE TURNS - The field ampere turns per pole

required to force the useful flux across the air

gap when operating at no load with rated voltage.

3
. BP®) 107 (95 69) 10°
g 319 C 310

P-15



(96a)

(97)

(98)

(99)

Total air-gap ampere-turn drop across the single air-gap
at no-load, rated voltage.

. (P)@)(g,) x 10 3
g 3.19 (Aé)

Fm-=PF
gm

. (6)(91a)(69) x 10 3
08+ 510 9

STATOR TOOTH AMPERE TURNS

. i
Fr = hg [_NI/ in at density (B, )]

= (22) | Look-up on stator magnetization curve given
in (18) at density (91c)

STATOR CORE AMPERE TURNS

F. = h. |NIin @B;J

z ("‘5‘) [_Nl/in @(945’

The flux leaking through leakage permeance path Py at
no-load, rated volts. The leakage flux from the outer

end of the statgr to the shaft and rotor.

@ = Pq GFg ' m)] x 1073 = (862)(95a) x 1073

P-16



(104b) Bp Pole Flux Density at NL.

2Pt Pm  _ (92) + (91a)

p a (79)
(106a) Fp Ampere turns drop in pole at no-load.
oy [ w3,

= (76) [NI/in at (104b)J

(112) Agy The cross-section area of the portion of the rotor shaft

connectinz the two pole-carrying sections.

Asy :{EDsu)l %‘{?Sﬂ)l
78a) ] L8a) 2 _7"_}

(112a) ¢SH The total flux in the shaft, in kilolines, when operating at

no load, rated volts.

¢SH:% ¢p+ PG+,

- (%) (92) + (6)(91a) «(99)

(113) |Bgy The flux density in the shaft, in Kilolines/ in? at no-load

rated volts.

B. « @sH _(@12a)
sh " Tasw  @12)

P-17



(114)

(118a)

(121a)

(124a)

(124b)

Aye

The ampere-turn drop in the shaft at no load.
= fsu [Nl/in @BSHJ = (718) | NV/in @ (llsﬂ

The flux leaking through permeance path Pg at no-load.
This is the flux leaking across the field coil.

F5 = P5 [ 2(Fg+m) ] x10-3 = (84a)[2(96a)] x 10-3

The flux leaking from stator to stator through permeance
path Pg.

¢6 - PGE‘Z(Fg + m)] x 10-3 = (85a) 2(96a):| x 10-3

The area of the yoke over the exciting coil, and connect-

ing the two stators. Shown in item 78 as

Type 1. Also the area of the yoke portion over the stator

in Types 2 and 3.

The area of the portion of the yokethat is outside the field

coil in generator types 2 and 3.

Ayc (dyc ¥ tyc)” tye in?

E78) + (785.) r (78)
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(124c) Ayr The area of the portion of the yoke that is radial and at the

sides of the coil in types 2 and 3.

Ay =ty [D . 2ty] e
- (78) [(12) + 2(78)] w

For
(125a) By Type 1 - The flux density in the yoke @ No-load
B, . 9PsH*95+%6 _ (1122) + (118a) + (121a)
ye = Ay (24a)

FoR
Types 2 and 3 - The flux density in the yoke outside the

field coil.

Osy+ G + T5
Byc = Ayc

- (112a) + (121a) + (118a)
- (124b)

(125b) ch Type 1 - The ampere-turn drop in the yoke @no-1load.

Fye = (beoil + 2/3”{: NI/in @Byc]
[(8) + 2 13)) [ xvme (125a)]

(4]

Types 2 and 3 - The ampere turn drop in the yoke section

outside the field coil.

Beoil [Nl/in @Byé]

(78) [m/m @ (12 5aﬂ

F.yc
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(125¢) Byr Types 2 and 3 - The flux density in the radial portion of the

yoke at the sides of the coil in types 2 and 3.

B . Psu+ (@5 + (%)
e (Ayp)

- (112a) + (118a) + (121a)
- (124c)

(1254) | F Ampere turn drop in the radial section of the yoke.

yr
Fyp = Eyc - D] NI/in @(Byr)

E78) - 12)] [Nl/in @ (125¢))

The length used here is an approximation and the Fyr

should be so negligible as to be unnecessary to calculate.
The calculation is included to insure an adequate area

of iron in this section.

(126a) | B Types 2 and 3 - The flux density in the yoke outside the

stator.

By - @sH * D6 - (112a) + (121a)
T Ay 124a)

(126b) Fy The ampere-turn drop in the yoke section over the stators

in types 2 and 3.
Type 2 Fyz 2/38(NI/in @ (Byﬂ

=2/313 [N/ @ (126a)]
Type3 F, = 4/3f[N1@ (B)]

- 4/3 (13) Lm/m a (1263.)]
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(127) FNL The total ampere turns required to produce rated volts
at no-load.

FNT, = 2 [(Fg+ m) + (Fp) + (F,) + (Frﬂ" (Fsp) + (Fy) + (Fye) + (Fyy
=2 [(96a) + (97) + (98) + (106a)

+ (114) + (126Db) + (125b) + (125d)

i
(127a) | IpN1, | The field current at no-load.

FNL - (127)
Ny  (146)

IFNL =
(12T) |Ep The field volts at no-load

= (Ipnp) Ry cora) = (1272) (154)
(127¢) Sp Current density at no-load.

IFNL | (127a)

SF = Rop ° (153)

(128) | A AMPERE CONDUCTORS per inch

(127) | X REACTANCE FACTOR

(130) Xg LEAKAGE REACTANCE - The leakage reactance of the stator

for steady state conditions. When (5) = 3, calculate

as follows:

% - ZQ()[()H ¢ (AE)] = 2(129) [(62) + (64ﬂ
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(131)

(132)

(133)

(134)

L(135)

In the case of two phase machines a component due
to the belt leakage must be included in the stator

leakage reactance. This component is due to the

harmonics caused by the concentration of the MMF
into a small number of phase belts per pole and is
negligible for three phase machines. When (5) - 2,

calculate as follows:

_:m[r"%.] 90° sin [é%] 90°
2:N ?6)1%__ (;;) ]’ O] @)

X/ -;Q([(}\i) + ()‘E) + (}‘B)J where g ® 0 for 3 phase machines.

X, = (19)[_(62) + )64) + (80) ]

REACTANCE - direct axis

REACTANCE - quadrature axis

SYNCHRONOUS REACTANCE - direct axis

SYNCHRONOUS REACTANCE - quadrature axis

DAMPER SLOT DIMENSIONS

bpo - width of slot opening

hy, - height of slot opening
h

0

- diameter of round slot

hbl - height of bar sgction of slot
by, - width of rectangular slot

P-22



(136)

(137)

(138)
(139)
(140)
(141)

(142)

(143)

(144)

(145

(146)
(147)
(148)

(149)

Np

Tho

/D

XDOC

(hot)

acd

DAMPER BAR DIA OR WIDTH in inches

DAMPER BAR THICKNESS in inches - Damper bar thickness

considered equal to damper bar slot height (hb ) per
Item (135). Set this item = 0 for round bar. ’

NUMBER OF DAMPER BARS PER POLE

DAMPER BAR LENGTH in inches

DAMPER BAR PITCH in inches

RESISTIVITY of damper bar @ 20°C in ohm-inches

DAMPER BAR TEMP °C - Input temp at which damper losses

are to be calculated.

RESISTIVITY of damper bar @ Xp°C

CONDUCTOR AREA OF DAMPER BAR - Calculate same as

stator conductor area

PERIPHERAL SPEED - The velocity of the rotor surface in

feet per minute

NUMBER OF FIELD TURNS PER COIL

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item =

for round conductor.
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(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

XfoC

Py

(hot)

acf

Rf
(cold)

R
(hot)

FIELD TEMP IN °C - Input temp at which full load field
loss is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-inches.

Refer to table given in Item (51) for conversion fac-

tors.

RESISTIVITY of field conductor at X;°C

CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area

COLD FIELD RESISTANCE @ 20°C per coil

Re(cold) = (4)‘NF)(.Qtf) x107°% _ (151)(146)(147a) x 10-6
(acs) (153)

HOT FIELD RESISTANCE - Calculated at X;°C

(Np)(L4) x 107°  (150)(146)(147a) x 10~
oY) (153)

Rf(hot) = (4 hot)

WEIGHT OF FIELD COPPER in lbs.

#s of copper = .321 (Np )}(f¢s) (acs)
. 321 (146)(147a)(153)

WEIGHT OF ROTOR IRON - Because of the large number of

different pole shapes, one standard formula cannot

be used for calculating rotor iron weight. There-
fore, the computer will not calculate rotor iron

weight.
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(158) Ab

(159) j%pt
(160) | Xp
(16) | L
(161F)| A
(162) Ap 4
(163) | Xp,

PERMEANCE OF DAMPER BAR - The permeance of that portion
of the damper bar that is embedded in pole iron.

PERMEANCE OF END PORTION OF DAMPER BARS

FIEID LEAKAGE REACTANCE

Ccy/C
Xp=Xq]1- 1/4m\F
2C_ ¢+ 2 <
p*;r Aa
= (131) |1 - (11)/(14)
2(73) ¢ -4 (161F)
(73) ¢ R

FIELD SELF-INDUCTANCE

N 2iP o A, Tr ¢ .-
Lp = (Np) \Ecp a I S/pj,/\Jlo

= g0 * [ ) (70c) - (13) +(161F)’} 10-8
— .

FIELD LEAKAGE PERMEANCE

= 1
A F 5 * P 6 f —2 4+ P m T —_

= [(8421) + (85a) +%3—) + (80c) (%ﬂ (11_3)

LEAKAGE PERMEANCE OF DAMPER BAR IN DIRECT AXIS

DAMPER LEAKAGE REACTANCE IN DIRECT AXIS
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(164) ADq LEAKAGE PERMEANCE OF DAMPER BARS IN QUADRATURE

AXIS
(165) | Xp DAMPER LEAKAGE REACTANCE IN THE QUADRATURE
AXTS
(166) | Xpy UNSATURATED TRANSIENT REACTANCE
(167 | X4 SATURATED TRANSIENT REACTANCE
(168) [ X', SUBTRANSIENT REACTANCE, DIRECT AXIS
(169) "q SUBTRANSIENT REACTANCE QUADRATURE AXIS
(170) | X, NEGATIVE SEQUENCE REACTAN 'E
(172) | X, ZERO SEQUENCE REACTANCE
(176) | T 4, OPEN CIRCUIT TIME CONSTANT
| T, ARMATURE TIME CONSTANT
(178) [ T'g TRANSIENT TIME CONSTANT
179)| T SUBTRANSIENT TIME CONSTANT
(180) | Fgo SHORT-CIRCUIT AMPERE TURNS
Fgo = 2(Xd)(Fg)(10‘2) - 2(83)(96) 10-2
(181)| SCR SHORT CIRCUIT RATIO
182)| PRy FIELD IR - at no load. The copper loss in the field

winding is calculated with cold field resistance

at 209 C for no load condition.

Field PR = (Ipy1)2 (Rp o1q) = (1272)2 (154)
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(183)

F&W

FRICTION & WINDAGE LOSS - The best results are

obtained by using existing data. For ratioing
purposes, the loss can be assumed to vary

approximately as the 5/2 power of the rotor
diameter and as the 3/2 power of the RPM.
When no existing data is available, the follow-
ing calculation can be used for an approximate
answer. Insert 0. when computer is to calculate

F & W. Insert actual F&W when available. Use

same value for all load conditions.
F&W - 2.52 x 107 (@)2-5 ({ ) (meM)!- 5
- 2.52 x 106 (112)2-5 (76) (7)1- 5

For gases or fluids other than standard air, the
fluid density and viscosity must be considered.

The formula above can be modified by the factors.

() (om

where - density - Lbs Fr-3

L - viscosity LBS FT-1 HgRr-1
.0765 - density std. air

.0435 - viscosity Std. air



(184)
(185)

(186)

(187)
(188)
(189)
(190)
(191)

(192)

(193)

(196)

(198)

€d

-STATOR TEETH LOSS - at no load. e

STATOR CORE LOSS

POLE FACE LOSS - at no load.

DAMPER LOSS - at no load.

TOTAL LOSSES - at no load. Sum of all losses.

Total losses - (Rotor IZR) + (F&W) + (Stator Teeth Loss)
+ (Stator Core Loss) + (Pole Face Loss)
+ (Damper Ioss)

= (182) + (183) + (184) + (185) + (186) + (193)

LOAD SATURATION

eqz cos& +_(1)_0(‘.i(.).) sin Y

- cos (198a) + %g%-)sm (198a)
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(198a)

(198Db)

(198¢)

(199)

gL

0= cos'1 (Power Factor)

' o
tan -1 | sin @) + &Kg)/ (100)]
cos (9)

tan -1 [8in_(198a) +{134) / (100)]

&= cos”

Y

14

Y

cos (198a)

-

€- Y- 0 - (198a) - (198a)

Demagnetizing ampere-turns at full load.

.45 (N, C

- .45 (45)(8)(74)(43)
(6)

First approximation of the leakage flux from the shaft

to the stator between the rotor lobes or poles (or teeth).

¢'7nL = Pm [de % Fg ed——l X 10'3
—(80c) E(198b) R (96)(198)_] x10-3

First approximation of the ampere turns drop across
the main air-gap at full load.

F' (szr’n Lke) x 10%3

gL=Fgeq+ 3. T9(Ag)

(6) (198¢)(69) x 10+3
: (96)(198) 4 2198 (6(3) X
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(200)

(200a)

(200b)

(200¢)

(200d)

Bpg,

Tooth ampere-turn drop under load (1st approximation)
Fopz Fp [1 + cos(O)_]

(97) [1 + coSs (198a)]

The first approximation of the flux per pole at full load.

d'PL: ¢P [e(l - .93—)]%‘6- sin ‘F.J

02) [(198) .93 (131130sin (198a)]

The first approximation of the flux density in the pole at

full load.

¢'PL *am - (200a) + (91a)
Apole 79)

Bpy:=

The first approximation of the ampere turns drop in the

pole at full load.
' . !
FprL=hp ‘:M/m @B PL]
= (76) [ N1/in @ (2000) |

First approximation of the leakage flux through Py at
full load.

- (84a){2 (199) + (200) + (200c)_] x 10-3
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(200e)

(200f£)

(200g)

(201)

(202)

First approximation of the leakage flux through Pg at
full-load.

@ 6L = Pg [2 Fop+2Fqp+2 FPL:] x 10~3
= (85a)EZ (199) + (200) + (200cﬂ x 10-3

Flux in the core at full load.

¢5 +¢6L
Bcr = Ppr ¢ - P

226 220
213) = & !)(4‘;)( a)

Flux density in the core at full load.

OcL _ (2006

Berg = =
CL K(; (94a)

Ampere-turn drop in the core @full load.

= (24) NI/in @ (200g)

First approximation of the leakage flux through Pr at
full load.

¢'7L: P7 [F gL+ F'TL* F PL] X 10-3

= (86a) [(199) + (200) + (zOOC)J x 10-3
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(202b) ¢'SHL First approximation of the shaft flux at full load.
' 1 P /
@ SHL = OPL % + P O + 371,
- (200a)ig_)+ (6) (198¢) + (202)

(202¢)| B'gyy, | First approximation of shaft density @full load.

t
B'gyy = D SHL _ (2020)
AsH

(202d) F'SHL First approximation of ampere turn drop in shaft at
full load.

Foun={su [M/m@B SHL]
- (78a) [Nl/in @ (202c)]
(202¢) ¢mL The final value of @ y, at full load.
! -3
L= Py [de +F gL] x 10

= (80c¢) (198b)+(199ﬂ x10-3
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(203) FgL Final ampere turns across the air-gap.

m1)(ge) x10 3
(Ag) 3.19

F,1, (Fg)(ed) +(P1¢

g

(6)(202¢)(69) x 10 3
3.19(68)

(96)(198) +

(205) Bry, Flux density in teeth at full load.

- (88) » (6)(202¢)

9lb

(206) FTL Ampere-turn drop across the stator teeth at full load.
Fpp=hg (NVin @By )

= (22) (Nl/in @ (205)]
(207a) ¢7L Final value ¢7 @ full load.

= (862) [(206) + (203) + 2131)] x 10-3
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(213)

(213b)

(213L)

(214a)

(215a)

(216a)

@pL,

PL

Psuc

SHL

FSHL

The final value of ¢PL at full load.
?

PpL=(@'pp) + By 1,

@p1,= (200a) + (202¢)

The pole flux density at full load (final value).

. 9pL | (213)
PPL” Ap © “fg)

The final value of the flux drop in the pole at full load.
Fpy= by [NI/in @Bp ]

= (16) [ NV/in @ (2130)]
Final value @full load.

Fsue = FpL 2L+ 2ayr i 00y

6

= (213) % . (202¢) + (207a)

Final value of shaft flux density @full load.

Bsyp, = ¢SHII; ; (Zlga)

Final value ampere-turn drop in shaft @full load.
FSHL = Y SH ENI/in @BSHL]
= (783) LN"I/in @ (215a)]
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(220a)

(226a)

(228a)

BycL

Final value @full load.

- @g1,= Pg [Z(FTL)-r 2 (Fyq)+ 2 Fpy)+ (Fsmﬂ x 10-3

= (85a)[2 (206) + 2(203)+ 2(213L) + (21635‘1 x 10-3

Final value @full load.

= (84a) [ 2(206) + 2(203) + 2(213L) + (216a)] x 10~3

Type 1 - The flux density in the yoke of the generator
at full load.

g . 9sHL* %L+ 51,
yCL - Ay

_ (214a) + (220a) + (226a)
(124a)

Types 2 and 3. The flux density in the yoke outside
the field coil.

BsHL * P61 * P51

ByCL’ A'yC

_ (214a) + (220a) + (226a)
- (124b)
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(228Db)

(228¢)

(228d)

FyeL

Ber

yrL

Type 1 - The ampere drop in the yoke at full load.

Fyew {(bcoﬂ)* 2/ EJ [NVin @By )

i_778) + —§- (132} [NI/in @ (228a)]

Types 2 and 3. The ampere-turns drop in just the

yoke section outboard of the coil.

FyCL

bcoil l:NI/ in @ByCL]

(78) [NI/in @ (zzaa)]

Types 2 and 3. The flux in the radial section of the
yoke @full load.

BOsHL + F6L + F51.
Byry = S .
r

_(214a) +(220a) + (226a)
i (124c)

Types 2 and 3. The ampere turn drop in the radial
section of the yoke at full load.

Fyers [de - D] [Min 0f,
- [(78) - (12):] [_NI/in @(228c)]
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(229a)

(229pb)

(236)

(237)

(238)

FL

IrFL

FFL

Types 2 and 3. The flux density in the yoke outside

the stator.

B, - PsuL * PoL
S
. (214a)4 (220a)
(124a)

The ampere-turn drop in the yoke section over the

stators in types 2 and 3.

Fy1, = 2/30 [NUin @, )]
2/3(13) [Nl/in @ (2292)

1t

Type 2

Type 3 = Fyp, = 4/3f E\Tl/in @(BYL)]

4/3(13) [NI/in @(229a)]

The total ampere-turns required to supply rated load
at rated volts.

Fpr =2 \_FgL + Fpp, + FoL + FPIJ

+ FSHL‘ FyL-b FyCL+ Fer

=2 [(203) + (206) + (201) + (213Lﬂ

+ (216a) + (229b) + (228b) + (228d)

FIELD CURRENT at 100% load.

FIELD VOLTS at 100% load.
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(239)
(241)

(242)

(243)

(244)
(245)
(246)

(247)

(248)
(249)
(250)

(251)

TFL

WppL

WhHrL

PR

CURRENT DENSITY IN FIELD at 100% load.
FIELD I°Rat 100% load.

STATOR TEETH LOSS at 100% load.

POLE FACE LOSS at 100% load.

DAMPER LOSS at 100% load.

STATOR PR at 100% load.

EDDY LOSS at 100% load.

TOTAL LOSSES at 100% load - sum of all losses at 100% load.

Total Losses - (Field I2R) + (F&W) + (Stator Teeth Loss)
+ (Stator Core Loss) + (Pole Face Loss)+
(Stator I2R) + (Eddy Loss) + DAMPER LSS
+ (241) + (183) + (242) + (185 ) + (243) +
(245) + (246) + (244)

RATING IN Kw  at 100% load

RATING & LOSSES

% LOSSES

% EFFICIENCY = 100% - % losses
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INPUT AUXILIARY DATA SHEET

Auxiliary information taken from the deslgn manuals to be used in conjunction with input sheets for

convenience.

A. All dimensions for lengths, widths, and dlameters are to be given in inches.

B. Resistivity inputs, Items (141) and (151) are to be given in micro-ohm-inches.

The following items along with an explanation of each are tabulated here for convenience, For complete

explanation of each item number, refer to design manuals.

Rem No,

Explanation

(9)

(9a)
(10)
(14)
(15)
(18)

(19)
(20)

(21)

(22)

Power factor to be given in per unit. For example for 90% P.F., insert .80,
Adjustment Factor - For P.F. < .95 insert 1.0

For P.F, > .95 ingert 1,05
Optional Load Point -- Where load data output is required at a point other than those given
as standard on the input sheet, Example: For load data output at 155% load, insert 1,55,
Number of radial ducts in stator.
Width of radial ducts used in Kem (14).
Magnetization curve of material used to be submitted as defined in ltem (18).
Watts/Ib. to be taken from a core loss curve at the density glven in Rem (20) (Stator).
Density in kilolines/in2, This value must correspond to density used to pick Item (19)
usually use 77.4 KL/in2,
Type of slot - For open slot Type A, insert 1.0.

For partially open slot Type B with constant slot width, insert 2.0,

For partially open slot Type C with constant tooth width, insert 3.0,

For round slot Type D, insert 4,0,
For additional information, refer to figure adjacent to input sheet which
shows a picture of each slot.

For stator slot dimension - for dimensions that do not apply to the slot insert 0.0.

Use Table below as guide for input,

Slot Type
Symbol Item 1 2 3 4
b, (22) 0.0 * * *
b1 0.0 0.0 * 0.0
by 0.0 0.0 * 0.0
b3 0.0 0.0 * 0.0
bg * * o *
he 0.0 * * *
hy * * * 0.0
hy * 0.0 0.0 0.0
hg * * 0.0 0.0
hg * * * *
ht 0.0 * * 0.0
hy 0.0 * * 0.0

* » ingert actual value,
by + by
Pabge 35—



Item No.

Explanation

(28)

(29)

(30)
(33)
(34)
(34a)

(35)

(37
(38)

(39)

(40)

(422)

(48)

(87)

(137)

(138)
(140)
(148)
(149)

(187)

(11)
(12)
(73)
(19
(75)

Type of winding - for wye connected winding insert 1.0.
for delta connected winding insert 0.0.

Type of coil - for formed wound (rect. wire), insert 1.0,

for random wound (round wire) insert 0,0,

Slots spanned - Example - for slot span of 1-10, insert 9,0,

For round wire insert diameter. For rectangular wire insert wire width.
Strands per conductor in depth only,

Total strands per conductor in depth and width.

Diameter of coil head forming pin. Isert .25 for stator O.D. < 8 inches;

Coil -
Insert .50 for stator O.D. > 8 in, D Pin

Use vertical height of strand for round wire, insert 0.0.
. n h'gt
Distance between centerline of strands in depth, sulation

Stator strand thickness -- use narrowest dimension of the two dimensions given for a
rectangul ar wire. For round wire insert 0.0,
Stator slot skew in inches.
Phase belt angle - for 60° phase belt, insert 600,
for 120° phase belt, insert 1200,
See explanation of items (71), (72), (73), (74) and (75). Same applies here.
Whnen no load saturation output data is required at various voltages, insert _1___0_:_
When no load saturation information is not required, insert 0.0.
Damper bar thickness -- use damper bar slot height for rectangular bar, For round
bar insert 0.0.
Number of damper bars per pole.
Damper bar pitch in inches.
For round wire insert diameter. For rectangular wire insert wire width,
For rectangular wire insert wire thickness, For round wire insert 0.0,
Pole face loss factor. For rotor lamination thickness .028 in, or less, insert 1.17.
For rotor lamination thickness .029 in. to .063 in. insert 1,75.
For rotor lamination thickness ,064 in, to .125 insert 3.5,
For solid rotor insert 7.0,
K the values of these constants are available, insert the actual number. K they are
not available, insert 0.0 and the computer will calculate the values and record them on

the output.



PERMANENT MAGNET

COMPUTER DESIGN (INPUT)

R-01

GENERATOR
MODEL NO. EWO DESIGN NO. (1)
2) |kvA |GENERATOR KVA FUND/MAX OF FIELD FLUX ) |
) e LIMNE YOLTS WINDING CONSTANT ™™ |c. |2
@]@_ [Epn [PHASE VOLTS POLE CONST. (M) [c E
i) fm PHASES END EXTENSION ONE TURN 48 [LE g
I FREQUENCY DEMAGNETIZATION FACTOR 74) |cnm |9
2 ® s POLES CROSS MAGNETIZING FACTOR (75 [cq
D P YTV T POLE HEAD WIDTH (76) | bh
(8) 1oh | PHASE CURRENT MAGNET WIDTH (76) (b,
(%) PF |POWER FACTOR POLE HEAD HEIGHT (76) | hy
an |4 STATOR L.D. MAGNET HEIGHT a8 {hy |
Lo o STATOR O.D. MAGNET LENGTH {76) P :_<"
5] GROSS CORE LENGTH POLE HEAD LENGTH (76) n :
E 19 [n_ [No.OF DUCTS POLE EMBRACE an T, g
S[as) s, [wDTH OF DUCT ROTOR DIAME TER (Ma) [¢, |
S108) [k, [STACKING FACTOR (STATOR) STACKING FACTOR(ROTOR) as) [«
“Tas |« WATTS/LB, WEIGHT OF ROTOR IRON asn [(-)
20) fe DENSITY POLE FACE LOSS FACTOR (187) [ (K ;)
21) TYPE OF SLOT WIDTH OF SLOT OPENING (135) |
22) {b, |SLOT OPENING HEIGHT OF SLOT OPENING (135) [ hpo
22) {b1 [sLoT wioTH TOP DAMPER BAR DIA. OR WIDTH (e | )
(22) |[v2 RECTANGULAR BAR THICKNESS 03 [y | %
22) {b3 RECTANGUL AR SLOT WIDTH (135) |bbl |
512 |v, [sLoT wibTH NO. OF DAMPER BARS (138) |np ;
Z’ 22) |n, DAMPER BAR LENGTH 3| 4 |3
ela2) im DAMPER BAR PITCH (140) b
E ) b2 RESISTIVITY OF DAMP. BAR @ 20 © a4l e
[(22) b3 DAMPER BAR TEMP °C (142) |x, °C
(22) {h, |SLOT DEPTH FRICTION & WINDAGE 083) Traw
@) |n, MAGNET RED FACTOR (s08) |c
(22) |(h, MAGNET HYST. SLOPE (519a)| &
23 |o NO. OF SLOTS MAGNET MATERIAL (1s) 3
(28) TYPE OF WDG. ROTOR HEAD LAM Q8 o
29 TYPE OF COIL STATOR LAM. MATERIAL (18) =
(30) |ns |cCONDUCTORS/SLOT Po / Pm CURVE DATA ()
e |y SLOTS SPANNED
32 | PARALLEL CIRCUITS
(33) STRAND DIA. OR WIDTH
2134 |Nat_ |STRANDS/CONDUCTOR
B [340) [Ny, [sTRANDS/CONDUSTOR
. % lae) STATOR STRAND T'KNS
§ (35) [dr |D1A. OF PIN STATOR SLOT POLE
E (36) e2 |COIL EXT. STR. PORT DAMPER sLOT REMARKS
(37)  |h,, |UMNINS. STRD, HT.
38) |h'gy |DIST. BTWN. CL OF STD.
(42a) PHASE BELT/ANGLE
(40) sk |STATOR SLOT SKEW
(50) [x,°c|sTATOR TEMP °C
1) s |RES'TYY STA. COND, 020 © C
L 159 _ {9 mia | MINIMUM AIR GAP DESIGNER
© (59! o max |MAXIMUM AIR GAP DATE
REV. A



{¢) Open Slots (b) Constont Slot Width

T T

-

| L_L_J
TYPE “L NI
(Type 5 is an open A

slot with 1 conductor
per slot) s~

(c) Constant Tooth Width {d)Round Slots

TYPE 3

bg for type 3is

R-02



PERMANENT -MAGNET GENERATOR

SUMMARY OF DESIGN CALCUL ATIONS (OUTPUT)
MODEL EWO DESIGN NO,
N ( RT) SOLID CORE LENGTH CARTER COEFFICIENT &7 (K,)
(24) (hc ) |DEPTH BELOW SLOT AIR GAP AREA 68 (-1 =
(26) (T.) |SLOT PITCH AIR GAP PERM (700) (A o) [©
(27) (721/3) [SLOT PITCH 1/3 DIST. UP EFFECTIVE AIR GAP (69) (co) |
(42) (K ,k) |SKEW FACTOR FUND/MAX OF FLD. FLUX 7y (C1)
43) (K4 ) [DIST. FACTOR WINDING CONST, (72) (€.) i
(44) (K5 ) |PITCH FACTOR POLE CONST, (73) (Cp) E
(45) (pe} |EFF. coNpucTORS END. EXT. ONE TURN 48) (Lg) %
% H46) (o) |COND. AREA DEMAGNETIZING FACTOR (0 _cy) |§
=147 (S, ) [CURRENT DENSITY (STA.) CROSS MAGNE TIZING FACTOR [(75) (C, )
LRa®m (' 4) [172 MEAN TURN LENGTH AMP COND/IN (128) (A)
(53) (Rph) |COLD STA. RES. #20° C REACTANCE FACTOR (129) (X)
(54) (Rph) [HOT STA.RES. e X C LEAKAGE REACTANCE (136) (Xq) .
(53) (EFtop) [EDDY FACTOR TOP SYN REACT DIRECT AXIS 03 0g) e
(56) (EFbot) |EDDY FACTOR BOT DAMPER (163) (xpg) |<
(62) (A 1) |STATOR COND. PERM, LEAKAGE REACT L1188 Xog) (Y
(64) (\e) |END PERM, UNSAT. TRANS. REACT {1661 (X 4)) I
(65) () |WY.OF STA COPPER SUB. TRANS, REACTUIRECT AX. [(168) (X", )
(64) () [WT.OF STA IRON SUB. TRANS,REACTQUADAX. [(169) (x" )
(41) (7,) |POLE PITCH NEG. SEQUENCE REACT {170) (X )
K509) P | PERMEANCE IN STATOR ZERO SEQUENCE REACT (172) {Xg )
K510) P, PERMEANCE OUT STATOR TOTAL FLUX 88) (<) |
(307) P, PERMEANCE MAGNET FLUX PER POLE (92) (gp) ]
(511 P PERMEANCE AIR GAP GAP DENSITY {95) (8y)
(157) (" ) |WT. OF ROTOR IRON TOOTH DENSITY ©on (8,)
WT. OF MAGNETS CORE DENSITY (94) (B,)
(143} YV, ) | PERIPHERAL SPEED SHORT CIRCUIT AMPS (522) (1)
t/p)  (102¢) POLE FLUX
(8,7 (103 POLE DENSITY
(F&w) (183) F&W LOSS (F&W) (183)
(Weni) (184) STA TOOTH LOSS (Wry. ) (242)
1) (185) sTA CORE LoOSS W) (185)
Z[(wpni) (186) POLE FACE LOSS (pil ) 243 |
ol(Wdnl) (193) DAMPER LOSS Wan ) 240y |
WIGZR, ) (194) STATOR CU LOSS (12 Ry) (245) | on
— 8[(-)__(195)_EpoY LoSS (=) _a4s) %
(-) (196) TOTAL LOSSES (=) 4 1S
(=) (=) RATING (KW) {~) QR4g)
{~) (-) RATING & LOSSES (=)  (249)
(=) (=) PERCENT LOSSES (=) (250)
{~) (-) PERCENT EFF. (=) sy
- olYOLTS ¢ 0 LOAD AMPS i
E|VYOLTS # 1/4 LOAD AMPS
-Ya|VOLTs @ 172 LOAD AMPS
SWEIVOLTS @ 3/4 LOAD AMPS
- >23[VOLTs o 4/4_LOAD ANPS
£|voLTs o 5/4 LOAD AMPS
UlvoLTs ¢ 3/2 LOAD aAMPS
- R-03 REV. '






DESIGN MANUAL
FOR
PERMANENT MAGNET, A.C. GENERATORS

INTRODUCTION

The calculation procedure given here is for only one configuration of
permanent magnet generators. It is the classical design with
definite poles consisting of blocks of magnet material. The
pole heads are designed to support the magnets and are usually
wider than the magnet blocks. Sometimes the pole heads are
designed to provide high out-of-stator flux leakage and thereby
cause the magnet material to stay magnetized at a high level of

flux density even when air-stabilized.



FIGURE R-1

PERMANENT MAGNET GENERATOR



The following sketch illustrates the leakage fluxes that are calculated
in determining the performance of the permanent magnet gen-
erators covered by this design manual. The formulae and the
designations for the permeance calculations are taken from
Strauss "Synchronous Machines with Rotating Permanent Magnet
Fields" Trans. AIEE 1952 Part II, pp. 887-893. Formulae
from Roter's "Electromagnetic Devices' a Wiley and Sons book

b

are appended to this report, and can be used to estimate

permeances for configurations of PM Zenerators different from

the one discussed in this manual,



FIGURE R-2
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When the rotor is magnetized and then removed from the magnetizing
fixture without a keeper, the magnet flux density will decrease
to a value determined by the out-of-stator leakage permeance.
This leakage permeance consists of all of the flux leakage

permeances of the rotor when the rotor is out of the stator.

When the rotor is placed in position in the stator, some of the flux
that leaked from pole-to-pole when the rotor was by itself,
now becomes useful flux by flowing through the stator iron and

linking the conductors in the output winding.

R-4a



These rotor flux leakage permeances are separated into discrete leak-
age paths and are illustrated separately in the following

sketches:
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FIGURE R-3
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P; = The pole-to-pole side leakage permeance. This leakage exists

when the rotor is in the stator as well as when it is out and

is just unuseable leakage flux.
The formula here is taken from Strauss:

P
P - 3.19;7_7,/p

for poles that touch at the base, and

-7
nedi [+ Lt G|

for poles not touching at the base.
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P_ - the permeance of the flux leakage path from the centerline of

s
one pole-head surface to the centerline of the adjacent pole-

head surface.

This leakage is part of the out-stator leakage but does not exist when

the rotor is inserted in the stator.

T

Pg = 2.03 ;
s obngzhy,




Pt = the permeance of the flux leakage path between the adjacent ends

of the pole heads.

This leakage flux is part of the out-stator leakage but no longer exists

when the rotor is placed in the stator.

i 0.322(7-bp)
Pt "404 o) -
2 _

Pf = 1. 66

\NL
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Q
> =
<L
IS
2
t |
(L)_u L) ; ; | ? | _
Oiyim-i_. | T N N

o 3 4 5 6 7 .8
POLE EMBRACE <
FIGURE R-8
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FIGURE R-9
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P51 - the permeance of the flux leakage path from the underside of

one polé shoe to the underside of the adjacent pole shoe.

This leakage is present when the rotor is in the stator and cannot be

utilized.

3.19 b /p
sl " dr - bp
B
7
6.38 hy /,

The formula is an approximation, and is suitable for an estimate of
the leakage between the pole heads of the usual four, six
or eight pole design. For high leakage pole tips use as hy
the height of the adjacent pole leakage surfaces. See the

sketch for two examples.

R-12



SKETCH SHOWING HOW FLUX LEAKAGE CONDITICNS CHANGE WHEN
EXTENDED POLE HEADS ARE USED. THE ADDED LEAKAGE KEZPS
THE MAGNET DENSITY HIGH ON THE MAGNET CHARACTERISTIC
MAJOR HYSTERESIS LOOP BUT THE ADDED LEAKAGE FLUX IS
NEVER AVAILABLE FCR USE

FIGURE R-10

/  LEAKAGE
/ FLUX

f

\

/
U!EFUL FLUX / ~ LEAKAGE FLUX

USEFUL FLUX
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Pgg = pérmeance of the flux leakage path from the centerline of the
| end surface of one pole head to the centerline of the end surface

of the adjacent pole head.

This leakage flux is continuous and cannot be utilized in generating

power,
2 hy Po
Pgo = where
zP
Pz = PS + Pf

FIGURE R-12




P3 - the permeance of the flux leakage path from the centerline of
the end surface of the pole to the centerline of the adjacent

pole end surface.

This leakage flux is always present and cannot be utilized.
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When the rotor is inserted in the stator, the pole-to-pole flux that
passed through the permeance paths, PS+ P; is no longer
present as leakage flux, That flux now enters the stator and

becomes useful flux.

All of the flux passing through the other pole-to-pole permeance paths

is leakage flux that cannot be utilized.

P; - in-stator leakage permeance

Pi

Py - Py

For convenience, the leakage permeance consisting of the sum of all
the permeance paths, through which flux leaks pole-to-pole
when the rotor is out of the stator is called Py = out-stator

permeance.

The sum of the pole-to-pole leakage permeance existing when the rotor

is installed in the stator is called the in-stator permeance (Pj).

The permeances of the various flux paths have been calculated at this
point in the design procedure. They could be used just as they
are used in an electromagnetic generator in which case the mag-
net characteristics would be plotted in terms of total ampere-
turns and total magnet flux. This procedure would require a

special flux plot for each generator design,

R-17



An easier way to determine the magnet performance is to use the char-
acteristic hysteresis loop as it is given by the manufacturer.
This loop is plotted in terms of ampere-turns per inch of mag-

net and flux-density per square inch of magnet.

The calculated permeances are already in terms of leakage flux per
ampere turn and if the permeances are multiplied by the mag-
net length they can be then used in terms of ampere-turns per

inch of magnet.

The leakage flux resulting from the calculation would be divided by mag-

net area to get the flux per square inch of magnet.
The calculation would look like this:
P X,Zﬂ x (AT/in) - Q/g

P sz x (AT/in) Qg
Area of Magnet ~ ipné

P
Area Magnet - ¢ /in2

P - p -¢g /in2
Zp % AT/In
by

Where P - %
m

R-18



The ideal permanent magnet generator might have high flux leakage in
the rotor when the rotor was out-of-stator and low flux leakage
when the rotor was inserted in the stator, except that the machine
would, in nearly all cases be capable of demagnetizing itself

when subjected to a transient or short circuit.

The two following sketches illustrate how a choice is made between
magnet materials just on the basis of the out-of-stator leakage

characteristic.

The in-stator leakage must be considered in determining whether or not
the generator can withstand short circuits and transients with-

out loss of properties.

R-19



MAGNET FLUX DENSITY--KILOLINES PER SQUARE INCH

100

COMPARISON OF MAGNET PERFORMANCES WHEN
THE MAGNETS ARE AIR-STAPRTLIZED AT A HIGH
OUT-OF=-STATOR LEAKAGE PERMEANCE

OUT-OF-STATOR
LEAKAGE PERMEANCE
SHEAR LINE

0

koo 800 1200 1600

AMPERE TURNS PER INCH OF MAGNET
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P,M. GENERATOR DESIGN MANUAL

(1)
(;2)
(3)
(4)
(5)
(5a)
(6)
(7)
(8)
(9)

(11)
(11a)
12)
(13)
(14)
(15)
(16)
1

= U

=}
<

NxEoF

DESIGN NUMBER
GENERATOR KVA
LINE VOLTS
PHASE VOLTS

PHASES
FREQUENCY
POLES

SPEED

PHASE CURRENT
POWER FACTOR

STATOR PUNCHING 1D,
ROTOR 0O.D.

PUNCHING O.D,

GROSS STATOR CORE LENGTH
RADIAL DUCTS

RADIAL DUCT WIDTH
STACKING FACTOR

SOLID CORE LENGTH
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(18)

MATERIAL - This input is used in selecting the proper mag-

Density of Kilolines

30

netization curve for stator lamination material
and for rotor head laminations when used.
Separate spaces are
provided on the input sheet for each section men-
tioned above. Where curves are available on card
decks, used the proper identifying code. Where
card decks are not available submit data in the

following manner:

The magnetization curve must be available on semi-
log paper. Typical curves are shown in this manual
on Curves F-15&F-~16, Draw straight line segments
through the curve starting with zero density. Re-
cord the coordinates of the pcints wheré the

straight line segments intersect. Submit these
coordinates as input data for the magnetization
curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample
60 L Mz_ix.
Point Sample
Input Data
i Densit NI
50 Straight Line *
Segment ) 55
- 2 O O
40 3) 10 1.5
4) 27 1.9
X Intarsection of 2 23 3'3
-Straight Line 7) 48 9.0
i Segments 8 55 12:0
traight Line
Segment
1 5 5 15681 2b

Ampere Turns Per Inch



(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
{30)
(31)
(31a)
(32)
(33)
(34)
(34a)
(35)
(36)
(37)
(38)

WATTS/LB

DENSITY

TYPE OF STATOR SLOT

ALL SLOT DIMENSIONS

STATOR SLOTS

DEPTH BELOW SLOTS

SLOTS PER POLE PER PHASE
STATOR SLOT PITCH

STATOR SLOT PITCH

TYPE OF WINDING

TYPE OF COIL

CONDUCTORS PER SLOT

THROW

PER UNIT OF POLE PITCH SPANNED
PARALLEL PATHS

STRAND DIA, OR WIDTH

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH
NUMBER OF STRANDS PER CONDUCTOR
DIAMETER OF BENDER PIN

COIL EXTENSION BEYOND CORE
HEIGHT OF UNINSULATED STRAND

DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH

R-24



39 | -- STATOR COIL STRAND THICKNESS
40) | Tsx | SKEW
41 | Tp POLE PITCH

(42) | Kgg | SKEW FACTOR

(42a)| - - | PHASE BELT ANGLE

43) | Ky DISTRIBUTION FACTOR

(49 | %, PITCH FACTOR

45) | ng TOTAL EFFECTIVE CONDUCTORS

46) | a, CONDUCTOR AREA OF STATOR WINDING
47) | sg CURRENT DENSITY

48) | Lg END EXTENSION LENGTH

(49) | {; 1/2 MEAN TURN

(50) | X.°C | STATOR TEMP OC

(51) fs RESISTIVITY OF STATOR WINDING

(52) >0S RESISTIVITY OF STATOR WINDIN' .
(hot)

(53) | Rgpy | STATOR RESISTANCE/PHASE = (4L50 CALLED Ry)
(cold)

(54) | Rgpy | STATOR RESISTANCE/PHASE (ALSO CALLED R,)
(hot)

(55) | EF EDDY FACTOR TOP
(top)

(56) | EF EDDY FACTOR BOTTOM
(bot)




(57)

(57a)

(58)

(59)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66) |

(67)

tm

b 1/3

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

STATOR TOOTH WIDTH 1/3 distance up from narrowest sect

TOOTH WIDTH AT STATOR I.D. in inches -

MINIMUM AIR GAP in inches

MAXIMUM AIR GAP in inches

REDUCTION FACTOR

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current

in coil sides in same slot

CONDUCTOR PERMEANCE

LEAKAGE REACTIVE FACTOR for end turn

END WINDING PERMEANCE

WEIGHT OF COPPER

WEIGHT OF STATOR IRON - in lbs.

CARTER COEFFICIENT
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(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

AIR GAP AREA

EFFECTIVE AIR GAP

AIR GAP PERMEANCE

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form

WINDING CONSTANT

POLE CONSTANT

DEMAGNETIZING FACTOR

CROSS MAGNETIZING FACTOR - quadrature axis

POLE DIMENSIONS LOCATIONS

Where:

bh = width of pole head

bp = width of pole body (maaneT)
hh = height of pole head at center

hg = height of pole body (MAGNET)
lp = length of pole body (mAGNET)
fh = length of pole head

all dimensions in inches



(77)

(79)

(80b)

(81b)

(95)
(96)

97

(98)

(98a)

POLE EMBRACE

POLE AREA

POLE SIDE LEAKAGE PERMEANCE

POLE TIP LEAKAGE PERMEANCE

POLE END LEAKAGE PERMEANCE

TOTAL FLUX IN KILO LINES

TOOTH DENSITY in Kilo L'mes/in2

FLUX PER POLE in Kilo Lines

CORE DENSITY in Kilo Lines/in’

GAP DENSITY in Kilo Lines/in2

AIR GAP AMPERE TURNS

STATOR TOOTH AMPERE TURNS

STATOR CORE AMPERE TURNS

STATOR AMPERE TURNS,




(100a)

(162a)

(103a]

(128)

(129)

(130)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

"

LEAKAGE FLUX - at no load

TOTAL FLUX PER POLE - at no load

POLE DENSITY Bp=% _ (92)

SR )

AMPERE CONDUCTORS per inch

REACTANCE FACTOR

LEAKAGE REACTANCE

DAMPER SLOT DIMENSIONS

DAMPER BAR DIA OR WIDTH in inches

DAMPER BAR THICKNESS in inches - Damper bar thickness
considered equal to damper bar slot height (hb ) per
item (135) Set this item = O for round bar.

NUMBER OF DAMPER BARS PER POLE

DAMPER BAR LENGTH in inches

DAMPER BAR PITCH in inches

RESISTIVITY of damper bar @ 20°C in ohm-inches - Refer to

table given in item (51) for conversion factors.

C DAMPER BAR TEMP ° - Input temp at which damper losses

are to be calculated.



(143)

(144)

(145)

(157)

(158)

(159)

(168)

(170)

Fp
(hot)

RESISTIVITY of damper bar @ xD°c

CONDUCTOR AREA OF DAMPER BAR

PERIPHERAL SPEED

WEIGHT OF ROTOR IRON

PERMEANCE OF DAMPER BAR

PERMEANCE OF END PORTION OF DAMPER BARS

ROTOR LEAKAGE PERMEANCE

PERMEANCE OF DAMPER BAR - in direct axis

DAMPER LEAKAGE REACTANCE - is direct axis

PERMEANCE IN_QUADRATURE AXIS

DAMPER LEAKAGE REACTANCE - in quadrature asis

SUBTRANSIENT REACTANCE in direct axis

NEGATIVE SEQUENCE REACTANCE -
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(183) | F&W | FRICTION & WINDAGE LOSS

(184) | W] STATOR TEETH LOSS - at no load.
(185)| W, |STATOR CORE LOSS -

(186) |W, p, |POLE FACE LOSS - at no load.
(187) K,

(188)

(189) | K,

(190) K.4

(191) | K,

(192) | Kg

(193) |Wpy g, | DAMPER LOSS - at no load at 20°C.

(196) -- TOTAL LOSSES - at no load.
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(242)
(243)

(244)

(245)

(246) |

(247)

(248) .

(249)

(250)

(251)

TFL

PFL

DFL

I'R

STATOR TEETH LOSS at 100% load

POLE FACE LOSS at 100% load

DAMPER LOSS at 100% load

-

STATOR I°R at 100% load

EDDY LOSS

TOTAL LOSSES at 100% load

RATING IN KW at 100% load

RATING & 2 LOSSES

% LOSSES

% EFFICIENCY
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(500)

P,

The pole-to-pole side leakage permeance. This leakage

exists when the rotor is in the stator as well as when

it is out and is just unuseable leakage flux.

The formula here is taken from Strauss:

14
For poles that touch at the base or (ag) < 2

p =319 B 7 =319 008
! a P T

v
For poles not touching at the base or (a2)> .2

] P|. 2 aj - ap
ey 2Lt Gl )J

(&5 ) c)l)
- e - S se1)}-GC )
= l(o( ['/ 650/)’6"’2) (/ 5_02))

/7
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(501) a; | Distance between outer edges of adjacent pole sides

al‘z{[fzi)-(g)-(hh] tan(gy-_(%p—)} cos_(717)'T

(11) ' ar
- 3 {[—2— (59)-(765‘ tan%(rlTG} cos T@)

(502) ag Distance between inner edges of adjacent pole sides

2({@ - (@) - (hy) - (hp)] tan T - @} cos (gy)
2 ﬂ:@ - (59) - (76) - (765, tan J - (76)} 77)
2 (% —2— cos —@5

(503) Pg Permeance of the flux leakage paths from pole-head surface to

pole-head surface and between adjacent pole head edges. This

flux leakage is out-stator leakage that becomes useful flux when

the rotor is installed in the stator.
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(503)

(504)

(505)

(Cont'd.)

! Psl

d
DN
"

1.66] 1+ 1.23 %v ‘[F

1.66 ‘_1_-,-1.23 . 77 ’ (76)

The permeance of the flux leakage path from the centerline

of the end surface of the pole to the centerline of

the adjacent pole end surface.

Py = (ny) 1.66 | 1+1.23 [ 1+(a1)2 )
- Bty

(76) 1. 66 o123 dn (14 (501)2 (502)
(16) (76) |

The permeance of the flux leakage path from the underside

of one pole shoe to the underside of the adjacent

pole shoe. This leakage is present when the rotor

is in the stator and cannot be utilized.

R IS
|-
T G- )

6.38 (76)(76)
(41) - (76)




(505) Cont'd. The formula is an approximation, and is suitable for an
estimate of the leakage between the pole heads of
the usual four, six or eight pole design. For high

leakage pole tips use as hy- the height of the

adjacent pole leakage surfaces. See the sketch

for two examples.

I S __.____\
\

AR S

LEAKAGE -

: paam—m i
FLUX /// . — \
) AN T \
/

USEFUL FLUX // LEAKAGE FLUX

USEFUL FLUX

—_—

SKETCH SHOWING HOW FLUX LEAKAGE CONDITIONS
CHANGE WHEN EXTENDED POLE HEADS ARE USED.

THE ADDED LEAKAGE KEEPS THE MAGNET OPERATING
AT A HIGH MAGNET FLUX DENSITY
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(506)

(507)

'~ (508)

s2

Permeance of the flux leakage path from the centerline of

the end surface of one pole head to the centerline

of the end surface of the adjacent pgle head.

This leakage flux is continuous and cannot be

utilized in generating power.

)= 2 (hy)(Pg)  2(76) (503)
(4 (76)

Adjustment factor to convert the permeance values to the

proper scale for use in the general hysteresis loop.

magnet area (net)
P magnet length

(L) b)) (© () (16) (508)
T Th) 770

C is a factor to account for holes that reduce magnet area
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(509)

(510)

(511)

(512)

(513)

|

g
8

Permeance of the in-stator leakage flux.

U
1

(505){ (506) + (500) + (504)

Permeance of the out-stator leakage flux.

Py = Py + Py

(509) + (503)

Air-gap permeance.

< C .
Pg :3.19—2(—’ —dr/l

Slope of the out-stator permeance shear line

Py _ (510)
P (507)

Slope of the in-stator permeance shear line

Pi _ (509)
P, (507
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(514)

(515)

(516)

Total apparent permeance of the working air gap. The total per-

meance of

the magnet flux paths when the rotor is in the stator.

P

' Pif‘Pg

(509) + (511)

vSlope of the working-gap shear line.

Pw (519
P, (507

The ampere-turn/inch of magnet value corresponding to

The value

the intersection of the shear line -ISP—O with the

m

major hysteresis loop of the permanent magnet

material,

A7 locates the lower end of the minor hysteresis
loop and determines the maximum demagnetizing
mmi that the magnet can endure without some
loss of magnetic properties. Several curves
of AT versus out-stator shear line values Po

Pm
are given in Curves F-17, F-18, F-19,

[ |
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(516) cont 'd y This computer program will determine A from a curve

of%—g- VS AT' This curve must be submitted on an auxiliary
m

input sheet in the same form as outlined in in item (18) in the

master design manual. For example:

fo
o
‘ intersection of straight
/_ line segment.
2] - . .
straight line segment

Sample input data for
curve of ALNICO VI

Po

At
Pm
- 1500 <€maY AMDTDE TURNS
20 1250
39 1100
35 1000
85 640
130 500
150 385
187 315
257 280
340 200
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(517) ENL The no load voltage produced by the unregulated PM gen-

erator at rated speed.

i (Po +h Pw Pi |
_ Epg(Aq) \ Py, P, P, /x10-3

thll- (Bp) ( Eﬁﬁ..p h)

= (4)(516) ((51z)+ (519a))( (515) - (513) / x10-3
(103a)((515)+(519a) )

H
'
*
\
|
H
|
i
[}
[
H
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minor hysterisis
loop

major hysterisis
loop

. Pg

/ P

Ral]




(519)

(5192)

(520)

Ampere turns per inch of magnet -- the value

corresponding to the intersection of the shear line

Pj/Py, and the extension of the minor hysteresis

loop having slope = h

P, )
_ AT(pm - ] (516)((512)-+(519a))
Ax - '(513")1—(5'192155
(ﬁ:“ﬂ (

Slope of hysteresis loop in PM material

Ampere turns per inch of magnet -- the value that

corresponds to the intersection of the minor hysteresis

loop and the shear line Py,/Pmy

P
<_O .'_h)
T Pm
PW
?;;p”)

. (516)((512) +(519a))
(515) + (519a)

A
Al -

R-42



(522)

Isc

The current per phase flowing when all phases are

shorted together at the machine terminals.

. ENL l_zx - A1 - H'dTJ

4
Isc

\’ Ry? - % th

Onis

Hc'll . +45 (Cm)(Ne)(X) Kd.

P by

I'sc and H'gy must be solved for simultaneously.
For the first trial assume I' = 2 I, where
Lh = Rated Amps. Then

HYy = +45(14)(45)(43) 2(8)
(6)(76)

for the first trial, Compare I'gc calculated

with the value of I' assumed for H'4y.

et

¥ Igo -E assumed 4 .05 I, the calculation

is completed. ¥ Igc s ,_I' + .05 Ij try a

new value of

In = Iy - I'SC- '
¢

and repeat until Igc = I" 4 051"
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(523)

(523a)

(525)

X4 (ohms)

Xd percent

Ery

- ENL 517
xﬂﬁﬂuns) TEE—-- {355}

Xd% * Xdohms X —IPE%Q.(szs) g}xloo

The voltage supplied to the load at rated current,

rated speed, and at a specified power

factor,

Ew

—

IX; -1 _l o -
sms:l:Xd R, Tan 0 | Sin (900 - )

ENL

CosB= 1-Sin2B
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ErL = ENL Cos B - f_;Xd- IR, TanO—-[Cos(QOO-Q)

— IR
P. F,

o = Cos'1 P. F,

Epy, = (517) cos (525) - l(e)(szs)-(a)(ss) Tan(5252J x

cosl;f- - (525) -(%?).

(526) | EFL, Voltage supplied at 1/4 rated current, at rated

speed and specified P. F.

This is a repeat of calculation item (525)

substituting I/4 for L

(5217) Epy, The voltage supplied at 1/2 rated current, at rated

speed and specified P. F,

This is a repeat of calculation item (525)

substituting 1/4 for L

(528) | EFL3 The voltage supplied at 3/4 rated current, at rated

speed and specified P. F,

This is a repeat of calculation item (525)

substituting 1/4 for L
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(529)

(530)

EFL5

ErL3

The voltage supplied at 5/4 rated current, at rated

speed and specified P, F,

This is a repeat of calculation item (525)

substituting 1/4 for L

The voltage supplied at 3/2 rated current, at rated

speed and specified P, F,

This is a repeat of calculation item (525)

substituting 1/4 for L
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Equivalent Circuits

Introduction

In the statement of work describing this study, an equivalent circuit is
requested. The description in part reads: '"'The circuit and parameters
chosen and evaluated should be capable of completely describing both
steady state and transient performance including various overloading

and short-circuit capabilities. "

"Parameters for the equivalent circuit are to be derived and evaluated. "

"Transfer functions and time constants are to be derived and evaluated. "

"All applicable reactances are to be derived and evaluated e. g., syn-
chronous, positive and negative sequence, transient and subtransient,

direct and quadrature axes, armature, leakage, armature reaction, etc, "

This section contains a derivation of an equivalent circuit submitted to
satisfy the requirement for a circuit describing steady state and transient
performance. The circuit also describes the performance of the generator

when subjected to unbalanced loading.

The derivation of the equivalent circuit described here is the work

of Liang Liang.



Overloading, short-circuit capabilities, time constants and reactance

are derived and calculated elsewhere in the study.

The equivalent circuits themselves are on Pages 31, 33, 72 and 73.
The symbols are on Pages 2 and 3. Derivations and explanations are

given step-by-step.



Nomenclature

Symbol
T . torque R
X - distance °<,,B
Y~ - velocity em
F - force d
e - voltage q
i - current a
¥ - flux linkage f
W - frequency in rad/sec md
R - resistance mq
L - inductance Dd
© - power factor angle Dq
K - reactance g
p - power af
J - moment of inertia fR
D - damping factor 0]
K - conversion constant s
f - frequency in cycles per sec t
P - number of poles L
M - mutual inductance a
N - turns of winding b
z - impedance c
s - Laplace operator A
G(s) - transfer function B

5-3

Subscript

resultant

reference frames

electromagnetic

direct axis

quadratic axis

armature

excitation field

direct axis magnetizing component
quadratic axis magnetizing component
direct axis damper bar
quadratic axis damper bar
generator

armature leakage

field leakage

Zero sequence

shaft

terminal

load

phases

St Nt Nt s “ue?

load of phase

load of phase b



Symbol

§(s) - power density spectrum

(10
T

correlation function

time constant

A - amplifier
C - capacitor
SJ - summing junction
t - time
E(s) - voltage
& - error signal
—> - integrator
- operation amplifier
®)E] - multiplier
> - square root
O - potentiometer
—Q— - high gain amplifier
- square
& - state vector
m - control vector
n - disturbance vector
A - coefficient matrix
B - driving matrix
Exp - exponential

»
=
]

natural logarithm

sensitivity

ab
bc

ca

SS

Subscript

- load of phase ¢

- input

- between phase a and b
- between phase b and ¢
- between phase c and a
- rated

- feedback

- generator

- eXcitation

- steady state



1.

I FUNDAMENTALS

Assumptions -

(a) Symmetrical three phase, delta or Y-connected machine with
field structure symmetrical about the axis of the field winding
and interpolar space.

(b) Armature phase mmf in effect, sinusoidally distributed.

(c) Magnetic and electric materials are rigidly connected.

(d) Neglect eddy current in armature iron.

(e) Neglect hysteresis effect.

(f) Neglect magnetic saturation (optional).

(g) Rotor considered as stationary reference frame.

(h) Parameters are time invariant.

Classical Approach

For all electric machines, the dynamic equation of Lagrange applies
(in tensor):

<_d_ at&) _9Tr |, OFum 1
T Se< T o= W

T dt \Qv«

The stator and the rotor of the machine are considered as reference
frames respectively. The holonomic expression has to be transformed
into unholonomic before the two-reaction theory can be applied. That
is, to choose an arbitrary frame (stator or rotor) as stationary and
the other considers it as reference. Thus -

<_d (dTa\_JTr Mo 4
te ( ) 9£‘+gw< +§EVFQ-¢‘2)



- non-holonomic object

fe ”
C « C}’ - transformation tensors

/

The cbmplexity in solving the problem directly is obvious; there-
fore, other approaches are used.

Basic Equations

By means of the two-reaction method and by choosing the rotor as
the stationary reference frame, the representation of the dynamic
behavior of synchronous generators can be written in set of

ordinary equations. The reference frame is resolved into direct and
quadratic axis.

Armature -

= —Raig + ‘f; +Y¥ ws (4)

cf..f; v eg (5)

¥, = Lomdig = (Lod + La) ta# Lusiing 6)

VZ' = —(L'r-a_ +-Ldl> Lg.-i—l.mz, L.DJ. (7
Field -

Cs= Rf cs+ o er ®)

S-6



%—_ =(L»~:l +L§,Q)L5 ~ waa( Ly "L"'J LDA

Damper bar -

) d
eDal.:/?pJ pd +df LI/DJ =0
€pa =Fpatl +i—§”p =

Dy =/ox Oy T 1e TPy

Yod = [ mdif ~Lmdiy +(me'*ioi> LD

top =Ly llop L),

Zero sequence -

= — 1 ..i
€, ROLo+dt%

Yo=-L,i,

Electromagnetic torque -

5-7

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)



. - +
¥ iy ey
- 2, +
Le
-t es T rig. 2 Representation
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(1) Under excited -

. td
bt +

(I) Over excited

Fig. 3 Steady state vector representation
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Simplification

If detailed accuracy is not essential, it can be traded for simplifi-
cation. Damper bar, armature resistances and leakage reactances
have relatively small effects on voltage, current and phase relation-
ship in a normal steady state operation. Therefore, they can be
ignored.

es=Rpig+2 ¢, 1
Cd = j’% Vi—ty s (18)
$ = ﬁ ‘)"3,4- Yo wy (19)
Vo= Lomd (Cs~ia) 20

| Y= ¥ @1

(22)

‘IJZ’ = ‘LM& t:.g,

T'Cni:l)ual(‘,?— "IJZ bd.. (23)

Additional simplification can be made in a situation where only the
steady state condition of a synchronous generator is considered in

a complex system., Since all the time dependent variables become
constant as the transient settles down, their rates of change approach
to zero. A set of algebraic equations is derived below.



(29)
Col = — % wgy
C4 =T wy

(26)
Yo = Lomdd (ig=id) -

Yo=Y, (28)
5‘/3_ = "?Lrn? l:k ) (29)

Tam= -1 iy (30)

5. Inputs and Outputs

(a) Most literature in discussing the synchronous generator choose
the frequency &g and the field excitation voltage ef as inputs
and the terminal voltage which is resolved into two-axis components
as outputs. They are applied to the balanced loads while the direct
and quadratic currents feedback to the generator.



===
)
r }
' ! 7 ey
w}_____.H Syhchro»ous —3 gaQan:eol
ergto € —_
eg Fenergtor > Loads
T T ______ Ld, T
iy
Fig. Ut Balanced load simulation

k should be recognized that the functions of ey, eq» and iy,
iq can be reversed.

(b) For a more detailed representation, electric-mechanical
relation can be included. Thus, the fluctuations of the
frequency and of its dependent variables can be observed.
Otherwise, the shaft speed ws has to be assumed well
regulated to stand against any disturbance. Consider the
shaft is rigid.

Po —> oy

grnc,noao us

: e; — > Gererater [— > et

Freure. 5
= T,
pe= fees (31)
Ti—Tem= T4
Con "‘At + Dws (32)
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(c)

)
LY

1
My
E

(33)

Where pi is the input power, ‘f'i input torque, and P, number
of poles.

The moment of inertia J should include that of the prime mover,
The damping factor D is a non-linear element which consists of
mechanical losses like friction and windage. The latter is pro-
portional to square of shaft speed Wg.

The power supply for the field excitation of a synchronous
generator ideally comes from a battery. In practice, it is
either from a DC generator or by means of static excitation
for the purpose of regulation.

(i) The transfer function of the output voltage and the ex-
citation voltage of a DC generator in frequency domain

1s
£96 _ ke (34)
EFeld Ko #lss

Fige 6 DC generator




(ii) Static excitation for synchronous generator becomes
widely accepted for obvious reasons like faster response
and the elimination of rotating excitation machine. A
typical approach is stated as follows: Excitation is pro-
vided to the generator from load currents through current

transformers and rectifiers.

The voltage regulator plays

the role of no-load excitation and regulation of terminal

voltage under different load conditions.

Such a method can be applied, for instance, for a two-coil
Iundell generator with both the armature and the field

—

stationary.
V57
| Jue
-,
Vo&t a ge v L{_‘
I?ej u Z ator
Frelod

[

ﬂL‘

.

Armature

r—’L_.._.__/\_

e

rrrr—

LoaJ ]

S5-14
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=Rl Y

(35)

L.:F_= ".’f’T - ":{32 (35a)
Ye= ¥y + Yer (36)
R 37
Ler=Kigp e
%r = (A»wl*/’/-gg) Lir (38)

(d) For a detail study of synchronous generator, unbalanced load

simulation is suggested. The affects of all kinds of faults due

to the load can be pictured simply by adjusting the load para-
meters. Balanced load condition is only a special case. The
major feature of an analog simulation is to convert DC re-
presenting voltages of eq and eq into three phase AC components
€a, ey, and ec which are applied to the unbalanced load. The AC
components iy, ip, and i, are converted back into DC level before

feeding back to the generator. Certainly the price to pay for is
complexity.

i S F
‘i{k‘“" S'yncbronous ! e’L 2:‘ ‘
c e Convertar Unbalanced
SE NN Genergtor 'L'——-“;‘ . €c Z.oaal J
{ b
ig Convertar;‘ T

Fig, 8 Unbalanced load analog simulation
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Conversion

For the unbalanced load simulation, the direct and quadratic output

voltages of the generator have to be converted into corresponding

three phases before applying to the load. Similarly, the currents

from the load have to be converted back into direct and quadratic

components before returning to the machine.
Co=EYQ &n(w(; ﬁ)—@z, cos (&{7‘&) + <,
b - .2_2’.
CL=€e,lScn (wgw‘:—-:ig’—’) - e% CO{”* 3>"6"

o
E.= eoLJin<wjt ~—‘—;3—1L> —_ e% Coscwjt'%‘>+€o

47
i 605(0’3" — 3 ﬂ

_
2 [ sin(en)+ i Sin(wat= =)+

a7
Lo Sin (wﬁt’ 3 ):]

, ; =) \
e, =5 (8at Eu F Cc

=+ (ia+ib+ic)

[%2]
]

H
[e)}

(39)

(40)

(41)

(42)

(43)

(44)

(45)



The load is normally expressed in Y-connection. If delta load is
used, proper connection of load can be made as in the analog
simulation or convert them into Y-connection by using the follow-
ing equations:

Fig. 9 Delta to Y-connection conversion

=z = Za b Zac
a. - .

ok T Zbe ™ = ac (46)
Zb - Z ab Zbc. }

Zab v Ble + Zer (47)
Zc_ = - ZQ'C ZbC e e

Zab + Zpe L ac (48)

7. Load

(a) Balanced load -
Balanced load can also be resolved into two-axis, direct and quad-
ratic components. Only the resistive and inductive load are
considered.
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Cd= R, : ‘
1= R, Ld-f-LL._::_::i‘. —L iy ey (49
Co=FK, s+ AL—»~- t L ey (50)

The load can be expressed in another form.

td = C/:L/e EA + »?—Z‘;:—_—/—e* e (51)
|2/ = R+ o9
S = t."'(% k) (54)

Thus, the load is governed by the power factor, or vice versa.
(b) Unbalanced load -

Again, only resistive and inductive load are considered. However,
mutual inductances among the loads are included.

di L :
eﬂ.—& («Q /g a{fa /}1 d é M .4::.?_ (55)

ca. o{{-

e, = Rg"b +Z_3 aab —M plu,___m -?—il——- (55a)

c TRy +L ’_l,‘:_f:-._ ozué_ Aiag
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8. Parameter

All the machine parameters are practically time invariant. Their
derivations can be found in the enclosed design manual or other
standard texts on synchronous generator. Usually inductive re-
actance are given. To obtain the absolute inductive value, divide
the reactance by the rated generator frequency. The unit of
frequency should be in radians per second. The direct and the
quadratic reactances computed from the design manual have taken
care of whether the armature winding is Y or delta-connected as
well as the number of pole pairs.

9. Time constants

Direct-axis open-circuit transient time constai.t

T, = LAR L md (56)
Ry
Direct-axis short-circuit time constant
/o Ld
Tua =T T (56a)
where
Lo =Lmdt Lot (56D)
.
L'y :Z_,,,Q*-Lh £ #2 (56¢)

Lopd sk

With external inductive load, the direct-axis short-circuit time constant
is adjusted to -

/ ) L +le | L4
Ta[e = TCL 74 *‘LL leL (57)

There is no definite formula to compute the direct-axis short-circuit
subtransient time constant. Usually it is obtained from measurement.



¢, N
‘e
\‘\
3\ - P
Y 4//enve or e
o~ &
,__.._...._-..‘_._\,,--,_q ——— i creemen s emm aam e --...). t
'®) N
a(SVm 7t¢te 'for T’ol
\ /
a.svnp‘fo{e
$for T”o(,
Fig. 10 Short circuit transient time

constants measurement
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10. Non- Linear Elements

(a) The basic equations -

()

Ed=—Ra id +;’%— ZL — %2’ wc?_ (3)

etc., are non-linear. The non-linear term & q ¢'g in this
equation is introduced because of the transformation from
holonomic reference frames into non-holonomic.

Magnetic saturation -

E is an inherent property of magnetic material. Usually for
the design of generators a steel of low retentivity is used.
The hysteresis loop is narrow and thus its effect can be
neglected. An average saturation curve can be used to
describe the characteristics of the magnetic path.

VJ A ;/
;T Straight Dine

QPP"‘X”" d-{lon

7/
-

‘,.""‘2—'//}/st¢r‘¢.ﬂ‘£ 4 °o p

Avernje moane tizatin corve

Fig. 1a

Magnetization curve




The average magnetization curve can also be expressed in
terms of et and ig

. - §
e & 4 Qir JA-P 2 the — A
led
; ne QOZ‘L
saturaton
& -
Lg _ Jee |
Fig. 11b Magnetic saturation approximation

(c)

The compensation of versus the terminal voltage et is derived
from the difference between the air gap line and the no-load
saturation curve.

Further approximation can be developed by assuming X mq in-
dependent or saturation (corresponds to path mostly in air).
Only X md varies with the flux. As the generator starts to
saturate, X g4 changes accordingly. This can be approximated
by adding a factor to if by the amount proportional to the
difference between the air gap line and the no-load saturation
curve. If the operating point is below the knee of the curve, a
linear relation can be assumed.

Mechanical elements -

As in the more detail simulation, the mechanical relation between
the prime mover and the generator is included.

(i) If gear is used for coupling, there will be backlash,



y O
T—
06‘4

Desd Space or
v time dekyy

Fig. 12 Backlash

(ii) Sometimes a mechanical damper is used to eliminate the
mechanical resonance near the low speed end.

}

Fig. 13 Mechanical Damper Rcs;o nse

(iii) The windage and friction loss is proportional to the
square of the shaft speed.



Analog simulation of

(i) Magnetic saturation - (approximated)

+ z
A -
Fig. lLa '
LD"'
(ii) Mechanical relation -
—— » w

f}m ))/ednamd/
D
Fig. 1ib amper



11.

Linearization

In the basic equation
: d Y
€L = ~FRaid +4¢ 74 ey ‘f’(’?

the non-linearity is introduced by the product ot two time varying
functions @ g and Y q. Since all the variables are continuous
functions of time and are likely to be monotonic, linearization is
possible. For small increment of change, the equation can be
written in a linear form. (Derivation is in section II-2. @ g,
etc., are steady state values.)

bRl I ()= T fpwy)- T (a%) 6o

For constant drive generator, A wegz=0

Aey= R (bi,) +%(A ¥,) — @By (A ¥5) (59)

To compare with the original equation by setting (v g = g, the
choice of magnitude of the increments for accuracy becomes obvious.
Indeed they can be simply expressed as -

A = */QLL,{-,*% P ZDJ WB’ (60)

Another alternative is that the flux linkages are kept constant. Thus
all currents are invariant. Neglecting Ry,

e = — ¥ <y &)

the voltage will be directly proportional to the generation frequency.

However, when the change A gand AYq are considered simul-
taneously, the constraints of the increments are imposed. A larger
value of increment will sacrifice the accuracy. Since a steady state
value of (0 g has been chosen as the coefficient of A ¥ q, on the
other hand, A w g is time varying and its relatively large change
will make wg invalid. Similar argument applies to the term TP' q
(4 w q) and other related equations.



The linear transfer relations are:

£, 5 G() 7———*- E, (s) WJE""@__"' E.6)

(a) Constant speed (b) Constant flux linkage

12. Per unit system

It may be convenient for some individuals to use per unit system in-
stead of absolute value.

Quantity in per unit = actual quantity . (62)
base value of quantity

Pba;e = eba.se Lbase

(63)
R = _Cbase
base, Xbase/ ;base = (64)
"ba,se
- Prase
'Cbcu‘f B ",:T“M‘ (65)
base

13. Power density spectrum

If the input is in power density spectrum form and the generator is

linearized and expressed in frequency domain as G(S) and its con-
jugate G(-S)

F..6=666F,6

(66)

assuming the input and output spectrums are autocorrelated. The
output can be converted into mean square value, say of et.
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et(t)’ = Sboo (0)

‘:Iooiw (S>€§ils/

=0

The evaluation can be implemented analogously or by using the
table of integrals which can be found in many advanced control
engineering texts.

L &

—
Fige 16a Power density spectrum
mv,e;’fhc" Sware /&ot
Integrator Circoitry

s e

o

«—Q)/ef e Et

Fig, 16b Analog simulation



14, Faults

15.

Faults are restricted to the load. They may be line to line, line
to neutral, etc. In the unbalanced load simulation, the faults
can be pictured simply by appropriate arrangement or by adjust-
ing the load parameters of the corresponding phase. For
example, if phase a is shorted to neutral, set Ry - 0;

Lp - 0.

When it is open, theoretically Rj and Lp become infinity. In
computer practice they can be set many orders larger than the
normal value. Use the same tactic as inccases like l/LA,
while Lp is zero.

Converter

In the unbalanced load simulation, converters are required to
generate Wy, gt and Sin W gt as functions of wg. (Refer
to eqns. (39) - (43) ) By Laplace transformation

iEm w?tj: s’w-s — = A (68a)

“d

W
t
6

I EA’{’" “r t] ST+ wy =B (680)

A

(68c)

(l
t o
0

The analog simulation -



16.

Y
\._

Fig. 17 DC to AC converter analog

Minimum Time Starting

It has been proved theoretically that switching control can achieve
the minimum time for a system to reach its steady state value
after a step disturbance. Due to the inherent defect of physical
components like deadband and frictions, dual-mode control is
suggested. That is, the switching control takes care of large
error signal while the linear control takes care of the small
error signal in the feedback control loop to generate the mani-
pulated input, say excitation veltage e f for the synchronous
generator. (Constant shaft drive)

Bane, BANG

. m
Oftl-mum M COoOmMTCL VI,

SwétJu'.ng m'(E) ™m

Aau«nJa ry

Compmter

!
-Mm

.
D:Iad band

M set 2t maximum
pPermissible efsxt r

Feart

Reserence

‘ ""(") 2 ol Lincar Generagtor e¢
J - Cortrotler

Synchronous

} Measurmj e ]

1 element

Fig. 18 Dual-mode control for minimum time starting
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To start a synchronous generator, considering the shaft drive
has assumed its constant speed, the reference as a step function
is applied. The optimum switching boundary computer recognizes
the zero initial state and the final state from the reference signal
and decides the switching points according to the orders of
dynamics of the plant. (For an nth order linear time invariant
controllable system, with poles real and non-positive, requires
no more than n-1 switchings and an initial-on and a final-off
operation to reach final steady state in minimum time.) When
the error signal falls within the dead-band of bang-bang con-
troller, the linear control takes over.

AMPLITUTE
]

—BASIC SYSTEM

STEADY +— —
STATE
VALUE / SWITCHING POINT
\-OPTlOHAL SYSTEM
0

-—
TIME

Fig. 18a Second order system step function response




17. Modern Control Formulation

-~ |

m —— = PROCESS —=
S S

Fig. 19a Multivariable process

state vector

control vector

- disturbance vector

PR IR

For a stationary process, the dynamic characteristics are -

X=AXW +B m)+nE) (692)
_5'.__ - differential state vector
A - coefficient matrix
B - driving matrix

The solution will be - (from initial state at time ty to final state at t )

L )= Ewp ACt-to) X (o)
¢
+£ [EXPA (t- T)J [B m CT)"‘Q@)]dT (69Db)

Exp: Exponential

43}
1
\N
=



I BALANCED LOAD

1. Analog Simulation

Use the basic synchronous generator dynamic egs. (3) to (13), (16)
and balanced load eqs. (51) to (54). The operating frequency is ab-
sorbed into the reactances suchas ¥ md = wrLmd where wr
is the rated frequency. Per unit system is used. After some mani-
pulation, a block diagram is concluded in Fig. I where

Tog = Xmd +Xpd

R od (T1a)
Toq= Xma (71b)
Roq

For the same of convenience, Laplace operator S is used for differ-
entiation while 1/ g, for integration with initial condition, equals to
zero. Magnetic saturation is approximated.

The inputs to the generator are frequency wg and excitation voltage ej.

The transfer functions appear in the block diagram.

S " ;
e o ol P . H /S
.Imeh-lbc{ |+ Tod - s/u)r‘

Ho @ =Ra+2- [Xage XmgXog, | Limee  Hor
t wr [ ) Lmg +1;3; -‘_Imdi-lo%. [+To¢.5/ (726)
LWy

s
Dd (=)~ =, Lmg XD , Xmd . S/wr .
Wy Amd + A pd lmd*lbo{ 1+ Tod - S/wr (7&4)

Dy (o) = Xgg +20f X0g | Wmge . (72d)
Xingy +X0g- Xmg+Xog" [+ oSV

() = R—; +II)57 -\I'z- | (72¢)
L (.

5=-32
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The analog computer simulation is in Fig. II. Notice the difference

between the circuit representing the first order transfer function
and the differentiator.

R¢b
4 ]
C RL
()———-{ : 0O
€in Sd £ ouT

€ouT - — CR b CBS

€ \n CRLCHe+1 (73)
fié, 20a first order transfer function

iy B
] -
€in Y \/ € our

e our

o = —(ReC)s

Fig. 20b Differentiator

S-3h
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The basic values of the components in the presenting analog
computer are:

Z £

Cour = _ZSb
EIN L_ (75)

Fig. 21
& m
Zi

100 K resistor

13

100 K resistor

for an operational amplifier with unity gain. While

Z fb = 10 microfarad capacitor

Zi = 100 K resistor

for an integrator with unity gain and a time constant of one sec.



Pot. No.

10

11

12

14

15

Variable

Scaling constant

Xm% 1072
Im(b_-r- Ioi_ TD%_

Yol
To %

(l/i)r L ma
102 CXmd + X.Dd )

Amg Ao
Lok + Imzé-o- Xog

XL ar
{?I_-T O.75 PF

Re_ AT O.78PF
|Z )

X m

We (Amd + X od)

2. w} Xfﬁ

5-37

Setting

0.2

0.253

0.318

0.054

0.137

0. 661

0.75

0. 536

0.248



Pot. No.

Variable

16

17

18

19

21

22

23

26

28

20

Ka AT OIS PV
120\

Scaling constant

Im“%.
Wr(imﬁ. +ID%_ )

Re  ar 0.75PF
| 2ol

AL ol

’ZW% QF AO-Z

2 % md

50 Wy

100 L€¢) base

\

20 Y od

Yf o

Scaling constant

5-38

0.5

0.317

0.083

0.173

0.361

1.0

0.2



Pot. No, Variable Setting
55 Ra 0.205
l Xmg  Xb
56 —— [ Xad + g Abg 0. 555
W l?nﬁ + X Dy
57 Ra 0. 205
& Xmd X od -1
|0
58 1, (Xu Xomd + Xpd ’ 0.053
Component Value Component Value
Ry 306 K C1 10 uf
Ry 10 K Cy 1 uf
Rg 185 K
Ry 100 K

Time scale: Real time: Computer time - 100:1
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2. Digital Computation

(i) Linea.rizaﬁon:
For €d * ~Re iy +c-‘d? Lﬂd - z.bg_ u)g_
et €d= €4 +Aey
id = T4+ ALy
Ud= Pd + Ay 4
Vg = Uy + Ayg
(Us' =Zu3‘ + ij

where €q 1s the steady state value and €4, a small increment
of change. The same definition is applied to other variables.

let Y= LP3, U)g,

« OX )

Ay 3 A«P$,+ gﬁ;%Awé’
¥

4

64’1/ &
Q ¥ _A_ _—3,

Substitute the relations into the original equation.

Aed=-RqA4'd *oﬁi Akpd ~-C ‘*E_Aq)?-i- ZP-«B_ Awg,>
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Similar procedure is applied to the other basic equations. The results
are expressed in matrix.

Load:
Ael]l  [Ru+su. —@wq LO[AC] FLL 4 «
A e;l RN 2 A::}{Lt 2| 8] 00
_ F1u:< linkages,: . ) (72)
A Asd 0 Ad Lnd o |Aid
A f O -As o 7/ 44
A gﬂ?f/ = |- Of /ﬁt/f/;?/ Ind of Ax_',?
A;Aoq/ “lmo/ 0 Zm/ ZOJ 0 AL’DJ
\A (ﬂDjf ) L 0 N me 0 0 Zo/v’ Ld»tp")
Voltages:
’Zﬁ ) ¢ N 4 N
A e/ ‘DS -y 2 0 , 44y
eﬁ, _ g S 0 4 A M%
Ae, | = | 0 0 S o o |d¢,
o 0 7, 0 s ¢ 4 dod
\ O ( L 0 O 0 19) S ) \A ¢0}j
” N 7 ~ r _ -
R 0 0 0 0 did 4
0 Ry 0 0 0| |dy 724 78,
+1 0 0 R O 0 4 4y + 0 - [A a:? ]
o 0 0 Kod O d,épa/ J
0 0 o 0 K| |dio 0
\ f) § 5'4 ~ /
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Laplace transformation has been applied with initial conditions equal
to zero. In order to simplify the problem, neglect damper bar,
armature resistance, magnetic saturation, armature and field leakage
inductances. Egs. (76) to (78) and the balanced load equations become:

- -

444
kﬁ?fgf J

Aef
dey

deg

"

l

1

i I 7 0 )
KL+ St <, - 4y - 4, <
T _ J w. | (19
(lag rSi) Wy J - *C/JP /
r Y ¢ Y p
s o 0 4y 4 o
O s g | 4ps | 4y @“’#J
\ 0 a,_jj > ) \441/@ N ¢0/
¢ ) \
(,c O o Al'f
o o o d.<g (80)
\o o o ) \44} |
( Y ( \
Umd ~Lngd O 4274
Amd -dmd O A/—o/ (81)
L o o *ZM;J ~44 fJ
Art Simd — ~Siny o rdl,c
SLmd S dmd 67; Z”’j— 4{6‘/ (82)
\a)j [»m/ 5‘71”’/ ’*540; ) \4[}, J




Assume constant generator frequency.

That is Yw g. = 0. From egs. (79) to (82). First solve for /, iy
and A ig.

(A e,c] =[f€r # 54’»:4/] &4{] —[szm/ o] L’d,""/} (83)
[Aea/}: SLmd ] le/}
déj’ CD;ZM/ L/{f J (84)

[Az;] v [‘f Lmg s Loy
[,e fSZma/] ey . Sy r !
4 Jef, N Dy Lot Ldefj

woi Y v4 -.S'é,,,i
7

= éma’ G A 7”7 /", g5
e, o sg el
; s m/lmi s(m/g f' 4i__
[Szlmc/ bt SCUod B rlmd &, 24, L)+ C4 £,
j(/ﬂ/ZL "‘“{j/ef (40{/ L
‘56007[/”4///” vl )“ (/‘(Zm 7‘/1. d,(a/
7Zm//1m; kly) #5(m /{"Zéfff74/7f@’) & 2,

= | sdad
LUJ Zmz/] [Jc"/}

(86)

S-bi



87
e

r )

()4 | < |

‘2 ‘OV; Ind
. , y r
o) e e
[ £ (s« Cns?2bys<aqn) ]
5/44-0? 5’%—95145/05#4/ [
K2 (s* #8225 # 722)

b

\
S—————

Ae,

\54*O/f53*c-/’$2"'/0:+d/ﬁj

= 6/ (s )
[52 (s) [d‘?”‘] (88)
£, = a (89a)
L,

Ko = co, (é”’ﬁ %Z({:_.)

~

ZZ (Z/n/ < Lo )

(89Db)

Lp = f: & R, D;ngz'm/f&)
< 2/)’4/ [L ([/’f /—ZL) 44720/ ZL (890)




b/o = (rﬁfa[zéﬂc//gz#2[4/€/’ #Z/;fz_ efr‘[/r/f//ij)(]
Z/nc/ Z.{, (Z/?ﬁz‘)
-~ ngz/é:( (540/4-244)
Lnd Ko

(89d)

Cp = @EL £ /6((¢ < a_/ofz (89e)
Z””/(L Eond (Em #Z‘/

{Zm Sk A L Rt o /5’,4)/[/»//»()4 wdi Ry /-A/r‘ (,4/
Z/n/ Le {Z/rlf “~L, 1

a/ - Zma’/f#[n//écﬁ[(f/ Zmd&»[,_(,u.[,,j%(/
f Lonad Lo Lond (Z”f "‘{L)

(89f)

q//: j(f(l/ﬁ/;‘/&)
Lo (g 520

(89g)

by = L L - _’32—‘(‘
/a//lr)/zf %Ly ) Z/nf e

(89h)

S-u6é



(891)
s
Coy = £z 7/_—6

107, “Le Lm

(89j)
Lr £
Uz = { > )

Zwa/ (Z/”dé “ L

s Er (89K)
5 - / Al , 74 —_—
22 »(”7/@ ~ 24, Z/np/

— — s L. L2 'gé
Generally, wj Zm;/J w(/r (07/, >7 "‘jf ‘C) 7[)
D ’67(4 L, >> Z/m/} Zm/l l

The Coefficients can be approximated, *

y (90a)
/<// = 2_.

L

- (90Db)
/4\/2 = Z—‘£

3
L el es Zc}z) (90c)
p =

nd Lo~ Lomd Loy

547



b,a_‘- f_’f ’{74 (2 ZMZ/Z& /‘{_mf/e[#szlff) -/Zc")gz ] (90d) -
L Lomd [/n‘z

f/f{. 4 (,@*/@;ﬂm/fz 4-4”14/@/) —2

Cp = y (90e)
f /47:/44 Z ))a/ me L.l /
&/f: /ef #/CQL (90f)
e
dy = _w:j_z_'el (90g)
£ mf'
b, = Y, / j’[ j‘ - &}L‘) (90h)
m? Ve
Cu = eL * fz_[__ (901)
Zmi Imd
22 = Ll |
ch/ me (907)

Ve g Lind (90K)
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4

=4

¢

Thus, solve for Lieq, L eq-.

[24 4Ly -2.3 . J [4/4]
Z?j‘l(. &2 #sda AA?
~
_ ({Q 4406 ) - B Le 62 G| 143
Zj Le Gi(s) e Cou vsdi )Gz (s)
i
K3(S% 33 s34 C33 524032 . & J33
c¥. //Jsgv‘ffszr‘-éas a0

-

!

I

(<]

(4(3%Q;¢S2%5¢¢5+4¢¢)

K P: a/f53 ~ C‘/)-f2r¢ é/yf-/d)a

~

(91)

i

4]

Gg{s/

{63 (s)

(92a)

5-49



YAS
Le = 2 g
D
/ B ffé & ~)
= iy a{/ * 22

beg = _Zé (jz/w‘ 2‘54"522 ’Lq?-i-)

L

2, )
C 94 = é ((// +bzz_ s ==
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(92b)

(92c¢)

(924)

(92e)

(92f)

(92g)

(92h)

(92i)



(ii)

—61(—2Yy

dee/ | )

@6 T sa.

e O s Y

l ( '_L_
—
1G20s)]

Fig, 22

G1(s), Ga(s), G3(s) and G4(s) are linear filters. They can be
implemented on an analog computer. The coefficient of the
filters can be tabulated by digital computer so that a new set
of values can readily be obtained when the machine and/or load
parameters are changed while this implies to change of
potentiometer settings of the analog computer. However, this
section will emphasize on theoretical analysis of the equivalent
filters. Different kinds of stability analysis methods are used
to interpret the relative stability, transient and other concerns.
Numerical examples are given along with the discussion.
Digital computer is used for the computations.

First, the characteristics of the transfer functions of the models
G1(s), G2(s), G3(s) and G4(s) are investigated. The denominator
is a fourth order polynomial with all the coefficients positive.
There will be four poles. Their locations depend on the generator
and load parameters and the generator frequency which has been

S-51



assumed constant. For the system to be stable, all these poles
of the closed loop system must lie on the left half of the complex
plane so as to ensure convergence. The closed loop system is
assumed to be: (with constant speed drive)

— ._.____-f_ . SYNCHRONO VS
REFERTEMNCE OONTROLLER} asiseuva.
l € LomD

MEASURING
ELEMENT

Fig. 23
Closed-Loop System

Thus, the synchronous generator andthe load can be considered
as an open-loop plant.

A synchronous generator used as a sample throughout the follow-
ing discussion is rated at 120 volt/111 amp line to neutral with
a power factor of 0. 75.

‘J.J-é = 2500 radians/second
Lwd = 0.068 henries
L,,,.,,b = 0.044 henries

R¢ = L8ohms

R, = 0.8ohms

Ly = 0.0003 henries

S5=52



From the previous argument and derivation

G. () = £ (s)
5 = €45/
£¥ (s) ,
_ S%42732Xx,0 3s3-8.2 x50 ‘sf ox ’4"515- 384,\//"0__:
 S¥4ex035 6.5 X104S2 4137 x 10 %S # R 08 x10”

(93a)

PR

64 (S) = 53__(24__
Ef (5)
(93b)
= sx0%(s% 1. 4dx103s% /. 97x /0 .v.07x,0"

st 4 bx103S3#EE K052+ /.37 x00 s #+3.08x70°

/

The steady state gains are -

Lorr
’ 63 (s) = /.25
S—0 s

Lim,
S—=0 | Gels)| = 1/5

Factorize Gg(s) and G4(s)

G (s)- 5X103(5-2/5)(S#238 S+ /377)
(5#23)(s~t5300 (sr360 % | /15¢0
J
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6‘4&): (s=1570)(s+ 4300)(.§+57 1‘\/’235)
s+ 23) (s +$300)(S*3¢0 rJ’/5éo)

The denominator determines the locations of the open-loop
poles while the numerator determines the open-loop zeros.
The poles are the starting points of the root locus which
terminate at the corresponding zeros as the gain approaches
to infinity. Observe both Gg(s) and G4(s) have the same
denominator and the poles are all in the left half plane, there-
fore, the open loop plant is a stable one. Only Gy(s) is
plotted on the complex plane.



oS- plane

Gyals) = (s+572 235 )(5-1570)(5+4300)
(5# 23)(S+5300)(s+ 360 Z | /5¢0)

I
) >F —————————— 1560
'ﬁz\ :
_ I \ |
|
i 732 2ac
_ , S - S
| T |
| |
- l |
T L R B /0 O I
=300 -4300 ~3;G>o -5l7 -23 o , 18570 R
_ | L
|
I O~ ——— - 235
- I 332 '
| |
. | |
|
X POLE |
© ZERO 5-‘_—— B S
f2
= Direction of root locus

towards Corresponding
zeves, AS the Qamn InCreases.

Fig., 24 Root locus of G4(s)
S5-55




G3(s) and G4(s) have poles located at -23, -5300 and -360. The
latter is taken from the real part of the pair of complex root.
The correspondent time constant are:

1
- == - 0.0435 sec.
Ty 53 0. 0435 sec (96a)
T, - 1 - 0.00277 sec. (96b)
360
1

The last two are comparatively insignificant. Thus, for a rough
estimate, the synchronous generator with excitation voltage ef
as the only feed forward control effort, can be approximaed as
a first order systed with a time constant of Ty. Generally, T9
can be included as subtransient time while Ty as transient time
constant. From egs. (94a) and (94b) steady state gain of
terminal voltage et over excitation voltage e; can be derived.

Lim, 7
E4(s) ” 2 ,
S—=0 £r (s) S=0 [63(5)] [674(5

YL
Z

' L
- (1.25%+ 1-152) %

= \.7 97)

Therefore, the approximated linear transfer function of et/ ef
can be written as:

L ls) — A¢ | -
£ (s) /-7 s)(/+7% <) (98)

- i

 (/# 0c4355) (74 0.002775)
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(iii) Frequency domain plot:

To plot Gg(s) and Gy4(s) in the frequency domain, let
5 = j&s

D(s) - 54~/-a/f53 * Cfszv‘—éfs #&p  (99)

DGw) (G p - s _,w),; yo(bp-dpwt)
’Dq/w)‘ f (99b)

where

|20/« = [(ai”’/“’ tew?) #w‘(é/ /o ]";. (99¢)
g.af- /’ trw F

&o = zzﬂ'/

(99d)

Similarly:

1
4/3 (s) ‘«/(/3(5 47‘67/3‘3 s’ 3 s 271—5335 + 933 (1002)

2 {/w)-;. |A/3 6«/)’&3_ (100D)

where

L
X

|/V3 (Jw)l = K3 (‘733-(3;w"/-w")ﬁw"(én—q’asw‘)i
- (100c)
w(b33- 33 wl)
B; = Loy ™! Ad33—C3aw > 4w ?
(100d)
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%(S)‘#AV# (537‘6'4:4 s bHog s/-¢¢4)

(101a)

/1/¢(/'w) =fl\/4.</'w)’94

(101b)

where

’//4(ch) ’ W (24q -Coa uL)Z+ML(£§4¢ "WL)L]E(lolc)

G = oy’ w(B4g - ™) )

tog — Cad o™ | (101d)

o

AN €t (i'=3)
D(s)

Fig, 25

Use the same data for the synchronous generator and impose
the same assumptions as in the previous example. Plot the
transfer functions with respect to frequency in Fig. 1V,
Consider G3(s), the zero cross-over of the amplitude curve
corresponds to a phase lag of 35°. That is a phase margin
of 145°, Gs(s) is far from unstable. One must know that not
all the poles and zeros are in the left half of the complex
plane. The non-minimum phase characteristics prevent the
direct approximation of the phase angle derived from the
asymptotic plot of the amplitude curve.
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(iv) Transfer function derivation from laboratory data:

Conversely, if a transient response curve is in hand, a
transfer function can be derived from asymptotic plot in

a frequency domain curve. The break-away points of two
asymptotes with 20 db/decade decay difference determines
the time constants. The order of the transfer function
depends on the need of accuracy in describing the
characteristics. I must be noted that a time domain plot
which is the usual case of laboratory data, should be trans-
formed into frequency domain plot before applying the
approximation technique. The abscissa should be the ratio
of output versus input in decibel while the ordinate, frequency
on radians per second. Suppose an actual curve is plotted
in Fig. D. Three asymptotic lines are approximated. The
zero db/decade line is at 4.6 db which determines the gain
of the transfer function while the two break-away points

at
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&y = 23 jad fsec o @y = Feo n//:ec,

The transfer function becomes -

<1 A ._.__
Crrer;s)(7+¢7;s)

ié; 4h7¢€/€f/° </¥L‘1>
(1/7“5% S ) Cf/gﬁlféz S;)

/.7
(/roo435s )(/,t 0.00277s )

I

(v) Two manipulated variables:

If both A, and Aef are considered simultaneously,

) (e8] b - (4

—

43( ;:;_ {:£1F - [4,)1‘ 5](3m7ﬁ23f_ (1ZA7L . AQJ)

Lﬁc {[Mr/,(} -,{-//[h/flz )},‘ .\"/41,,//2/)'//(; "/Lf:/ (49//*[4\)/

S5=-62

(98a)

/)



:E )| (1e, "(Z’é‘f} )

/

) 3
Gols) = Z 5t 5 s #3585 £ ar
- o

s <p -v‘S’# #Sch /a’é/f ap

3 2 -
Ges) = 5 # S c, A58, <,

.Jr‘téif’ > S-j;<;g9 'f’J':Lf;%Q »’ J?>‘y fcj/g

de, (@m} 20) |6, @)
[ﬂ f—’j-} 6g (5) [ e;] ’ Lé;(ﬂj [dw]

where

o <3, — = )
G, (s) =3 €72+ ° Ay + 5 27567747

SYefp po? /én‘ .S'IC//#J‘//J r‘d/b

P _? 2
Golc) = S Cor Ay rs, r 5b, +ay,

5"(’/,‘ ;“’?‘g/f* Sze/_; -/—S/aﬁ?@
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(102a)

(102b)

(103)

(103a)
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Again, approximate the coefficients by assuming

Lm’,/ o >> L,
A = Lmd L ;mi, ,{}, (104a)
Cs = [Z,»/ (Cond £, # 2/»:5, ﬂf)z}

# @ it ma € L -4'2)] (104b)

-
bs= £ LZ&;, (2 lma 2, ﬁZm; zf,’{),(f, vﬁi?} Z"Vﬁ/_. "?)}C’WC)

2e- & Ee‘ Long g # oy imd (ip ~if) J (104)

64 = 4 Lomd é 4; - Z/) (104e)

s Lmd (g ) - o K od oy

s bmd Lip- o ) lerke) S Kr Tl g (1041
55 rzf[bx/!\[m//2'€/_"r€{)a; -4:,/)"2-‘3 43*2(_/6;} (104g)

Y = [’é‘ lod (Lg=y)- s

N~/

[/7% ,2;

(104h)

€7 = 44 (/ - -
Sl 2 a0

S=-6h



= 4/:/ Zm?

”

c = 40// [[/)7
FoTd

Le

(,4:/4 .r‘—@ LZ/W/ 44)
&, ) (md 2. 7“(ﬂ?1 <)
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) [g,,,,/ L (e Do £y (Lot €1

]

(104j)
(104k)
(1041)
(104m)
(104n)
(1040)
(104p)
(104q)
(104r)

(104s)
ly &)

(ieae)

(104u)



Jf‘ &y [/(z C2lmg £, +Ep Limd + /ﬂ} 7D,

— ) 1
> cdjz l/f?;/ L/}? ] (104v)
B p z — 2 y 104
“7;:/5-’77[ (Zz. * “Jj Z/m/lff;e) (104w)
The increments of the variables have to be small for the
formulation to be valid. The result is an interacting system.
G2}
Aef
+1 dey
+
,. | +
G7(s) \V SQRT—==
F o+
Ae
= G8(s) __(+ F——& =~ sa-

Fig, 26 Linearization of two control variables
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(vi) Closed loop control:

e ¥ & et

_.C>———->- 6((5) -——e—;—.- qQ S(C’B T

. HE)  f——

Q

)]
o~
n
~—
|

= transfer function of synchronous generator

Gq(s) = controller

H(s) < measuring elements
T(s) = closed-loop transfer function
where
T(s) - Gc(s) Gs(s)
1 + H(s) G.(s) Gs(s)
Assume:

y. 14 »
Gs(s): SYUH2mxr0°52-6-2x0°s% (x°S- 3 Baxso
54% ‘)(/055’7‘6.5'X/D‘527‘/37X/0,°5 ,Lj,aax/o'

MW €s) = [0

Ge(s)= K



- It is desired to find the maximum permissible gain K for
a stable operation. Hurwitz criterion states that a
characteristic equation

7-7

2y s D, 57~

All the determinants

2, ‘ Ao o e -

d3 72 <, o — -
T 2e an| g -
7 A & -

must be positive for a stable operation. The characteristic
equation of T(s) is

e HE) G (S) b5 (S)H O

i.e.,

(7 4&)S %4 CE 293 ) 10753 4 (4.5 62 £)olst
- (738~ 6K)1585 £(3.08- 3.64/)0"= O

Set the determinants equal to zero for critical condition.
(/38-c K)o 8= 0

Ar= 23
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‘ ¢/
(138 -4k /08 (308-3.84K) /0

‘(6—2.735)/03 (4,5-:.2,( )/o‘

i.e.

kz-B'Z.ék"—"—Ba,sr. O

e 2/ 6 or Jog

Since both values are valid, it is desirable to choose Ky = 31.6
(.38 -cxD0®  (3.55-344¢ )s0" &

(é-2.72()/03 (4.6-¢C2x Jro (7,28 4k))p8

& /ALK (6-2.73 )55

738k erzs s . dEt =0

K=3d74 338 oe 45 &

It is desirable to have K3 = 34.76
To compare with the Kg obtained from the three determinants,

in order to satisfy the criterion, the smallest value should be
chosen. That is K= K; = 23,
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(vii)

(viii)

Sensitivity:

Since any component of the same kind may not be identical
due to various reasons, it is beneficial to learn the
variation of total performance with respect to the deviation
of characteristics of a certain component. It can be the
parameters of the plant, the gain of the amplifier or others.
For instance, one would like to know the effect of K on T(s)
in the last example. Define sensitivity as

S, )
S)= S b )
A Gs
- 0//"&//%4’65)]

o (b )

I

/
/,4(65

The smaller the value of ST, the less effect of variation of
K on T(s). However, in this example, the sensitivity is al-
most linearly related to K because KGS >> 1.

Degrees of Freedom:

By investigating the closed-loop transfer function

7G) G (S) Gs (5)
/A A G ()G (5)

[47]
1
~3
o



assuming the plant G4(s) is fixed, one can adjust the controller
Ge(s) or feedback element H(s) respectively to obtain a desired
T(s). Thus, there is only one degree of freedom. If G(s) and
H(s) are adjusted simultaneously, there will be two degrees of
freedom, The latter is more flexible and many a time the im-
plementation is much easier to be realized.

(ix) Model Approach:

Another method to enforce a specified transient response of a
synchronous generator is by introducing a model which describes
the specification precisely. The block diagram will be as
follows:

O

. lﬁ£$ ;—{i)-—-——— <§5<f5) —
i

G (5)

- Gs (/'f‘écém
/) +~Gc Gs H

Q
I

Let H = 1 and make
[Ge| >7 |

O
O .6
= m
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where

0(s)
I(s)

Gy, (s) = transfer function of model

output

input

§5=-72
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Calculation Electrical

Number Symbol Explanation
A, a

(128) A Ampere conductors per inch

(94a) A, Effective area of the core

(68) Ag Main gap area

(70) Ag2 Auxiliary air gap (g2) area

(70a) Ag3 Auxiliary air gap (g3) area

(79) Ap Pole area

(79) Apj Area of pole at entering edge of
stator toroid

(79a) Apo Area of pole at entering edge of
stator toroid

(112) Agy Area of the shaft

(91b) Ap Area of the teeth of one stator

(516) A Ampere-turn/inch of magnet

(124a) Ay Area of the yoke over the exciting
coil connecting the two stators

(124b) Ayc Area of the yoke outside the field
coil in generator types 2 and 3

(124c) Ayr Area of the yoke that is radial and

at the sides of the coil in types

2 and 3



Calculation Electrical

Number Symbol Explanation

(124) Ayz Cross sectional area of coil yoke
(112) Ay4 Area of shaft

(520) Aq Ampere-turn/inch of magnet
(46) a. Conductor area of stator winding
(144) anq Conductor area of damper bar
(153) a.f Conductor area of field coil
(170) agr Damper bar end ring area

(79) anp North pole area

(79Db) agy Area of rotor skirt

(79a) agp Area of south pole

(501) ay Distance between outer edges of
adjacent pole sides
(502 ay Distance between inner edges of

adjacent pole sides

B, b
(20) B Density
(94) B, Core flux density
(200g) B.1, Flux density in the core at full load
(95) By, By Main air gap density (N. L.)
(122) . B, Auxiliary gap (g2) density (N. L.)



Calculation

Number

(109)
(119)
(224)
(230)

(115)

(104)
(234)
(104b)
(103a)
(314)
(319)
(104a)
(222b)
(213b)

(200b)

(103)

(104d)

Electrical

Symbol

By

Byg
BooFL
Bg3 FL

np

np

BNPFL

C

w_cwbwbw

T-3

Explanation

Flux density in auxiliary gap
Auxiliary gap (g3) density (N.L.)
Density in auxiliary gap (g2) (F. L.)
Density in auxiliary gap (g3) (F. L.)
Leakage flux from north pcle
(spider pole) through the field coil
North pole flux density

North pole density (F. L.)

Pole flux density at N. L.

Pole density

Center section density

Density in the pole center at full load
Flux density in inner pole at N. L.
Flux density in inner pole at full load
Pole flux density at F. L.

The first approximation of the flux
density in the pole at full load

Flux density in outer pole (N. L.)
Flux density in rotating outer ring

at no load



Calculation

Number

(315)

(321)

(222d)

(113)
(215a)

(202¢)

(222)
(105)
(215)
(91c)
(91)
(205)
(126a)
(125a)
(228a)

(229a)

Electrical

Symbol

BI‘C

Explanation

Core density

Flux density in the rotor core at 100%
load

Flux density in rotating outer ring at
no load

Shaft flux density

Shaft flux density at F. L.

First approximation of shaft density
at full load

Density in rotor skirt (F. L.)

South pole density (N,L.)

South pole density (F.L.)

Stator tooth density (N.L.)

Stator tooth density (N,L.)

Stator tooth density (F.L.)

Yoke flux density

Yoke density at N. L.

Yoke density at F. L,

Yoke density at F. L.



Calculation
Number

(125¢)
(228¢)
(125)
(228)
(113)
(232)
(135)

(135)

(78)

(76)
(116)
(76)
(76)
(22)
(22)

(22)

Electrical

Symbol

Byr
ByrL
Bya
Bya FL
By4
By4 FL
Ppo
bp1

coil

T-5

Explanation

Yoke density at N, L.

Yoke density at F. L,
Density of coil yoke

Density in coil yoke (F.L.)
Density in shaft (N,L.)
Density in shaft (F.L.)

Width of damper slot opening
Width of rectangular damper
bar slot

Coil width

Pole dimension
North pole density (N,L.)

Pole dimension locations

Width of north pole at end of pole

Slot dimension
Slot dimension

Slot dimension



Calculation Electrical

Number Symbol Explanation

(22) bg Slot dimension

(76) bpz Pole dimension

(76) b1 Pole dimension

(303) by Size slots

(314Db) brh Height of ventilating holes in rotor

core area

(22) bg Slot dimension

(76) bgp (END) Width of south pole at end of pole
(76) bgp (MID) Width of south pole at middle of pole
(58) b, Tooth width at stator

(57a) bt1/3 Stator tooth width 1/3 distance from

narrowest end
(57) b Stator tooth width 1/2 distance from
tm

narrowest end

(303) bep Size slots
(15) by, Radial duct width
C, c
(508) C C is a factor to account for holes that

reduce magnet area



Calculation

Number

(331)

(74)
(73)
(75)
(72)
(71)

(32)

(12)

(78)

(10a)
(11)

(35)

Electrical
Symbol

Cp

Dcoil

T-7

Explanation

Ratio of field interleakage with its
own flux to the maximum interleakage
of a concentrated field winding
Demagnetizing factor

Pole constant

Cross magnetizing factor

Winding constant

Ratio of maximum fundamental of
field form to the actual maximum

of the field form

Parallel paths

Stator lamination outside diameter

Coil outside diameter

Stator equivalent diameter
Stator lamination inside diameter

Diam>ster of bender pin



Calculation

Number

(78)

(170)
(78)
(78)
(78)
(78)
(78)
(11a)
(314a)
(78a)
(78a)
(78)
(78)
(78)
(78)
(78)
(78)
(78)

(78)

Electrical

Symbol

dcoil

Explanation

Coil inside diameter

Damper bar end ring mean diameter
Diameter auxiliary air gap
Inside diameter of rotor tube
Rotor gap dimension

Rotor dimension

Outside diameter of shaft
Outside rotor diameter

Inner diameter of rotor punching
Shaft dimension

Shaft dimension

Rotor gap dimension

Rotor gap dimension

Rotor gap dimension

Rotor gap dimension

Rotor gap dimension

Smallest diameter of tapered gap
Outside diameter of tapered gap

Yoke and coil dimensions for three

types of homopolar inductor construction



Calculation

Number

(3)
(56)
(238)

(525)

(127b)
(55)

(516)

(4)
(198)

(98)
(201)

Electrical

EFgor

ErpL

ErnNL

EFmop

€d

T-9

Explanation

Line volts

Eddy factor bottom

Full load field volts

Voltage supplied to the load at rated
current, rated speed, and at a
srecified power factor

No load field volts

Eddy factor top

Ampere-~turn/inch of magnet valne
corresponding to the intersection of
the shear line with the major hysteresis
loop of the permanent magnet material
Phase volts

Direct axis voltage behind synchronous

reactance

N. L. stator core ampere turns

F. L. stator core ampere turns



Calculation
Number

(198b)

(236)
(96)

(96a)

(199)

(203)
(2082)
(110)

(123)
(225)
(120)
(231)

(106)

Electrical
Symbol

Explanation

Demagnetizing ampere-turns at full
load

Total full load ampere turns

N. L. main gap ampere turns

Total air-gap ampere-turn drop
across the single air-gap at no-1load,
rated voltage

First approximation of the ampere
turns drop across the main air-gap
at full load.

F. L. air-gap ampere turns

F. L. air-gap ampere turns
Ampere turn drop across auxiliary
air gap

N. L. gap (g2) ampere turns

F.L. gap (g2) ampere turns

N. L. gap (g3) ampere turns

F. L. gap (g3) ampere turns

North pole ampere turn drop



Calculation

Number

(117)
(127)
(235)
(235)
(106a)
(104a)

(316)

(320)

(222¢)

(222a)

(213L)

(213c)

(200c¢)

(104)

(104a)

Electrical

Symbo 1

T-11

Explanation

N. L. north pole ampere turns

Total no load ampere turns

F. L. north pole ampere turns

North pole ampere turn drop

N. L. air gap ampere turns

N. L. pole ampere turns

Ampere turn drop in the pole center
at no load

Ampere turn drop in pole center at
full load

Ampere turn drop through inner pole
at full load

Ampere turn drop through outer pole
F. L. pole ampere turns

F. L. pole ampere turns

First approximation of the ampere
turns drop in the pole at full load
Ampere turn drop through outer pole
Rotor ampere turns or pole ampere

turns



Calculation
Number

(10 ‘:e)
(317)

(322)

(222¢)
(98a)
(180)
(114)
(216a)

(2024)

(223)
(107)
(216)
(200)
(97)
(183)
(126b)
(126)

(229)

Electrical
Symbol

Fy

FI‘C

Frc L

Explanation

Ampere turn drop in ring at no load
Ampere turn drop in the rotor core
Ampere turns drop per pole in the
rotor core at 100% load

Ampere turn drop in ring at full load
N. L. stator ampere turns

Short circuit ampere turns

N. L. shaft ampere turns

F. L. shaft ampere turns

First approximation of ampere turn
drop in shaft at full load

F. L. rotor skirt ampere turns

N. L. south pole ampere turns

F. L. south pole ampere turns
Tooth ampere-turn drop under load
N. L. stator tooth ampere turns
Friction and windage

N. L. yoke ampere turns

N. L. coil yoke ampere turns

F. L. coil yoke ampere turns



Calculation
Number

(114)

(233)

(125b)
(228b)
(229b)
(229¢)
(125d)
(228d)

(5a)

(59)

(59)

(59g)
(59a)
(59¢)
(594)
(59€)
(591)

(69)

Electrical

Symbol

T-13

Explanation

N. L. shaft ampere turns

F. L. shaft ampere turns

N. L. yoke ampere turns

F. L. yoke ampere turns

Yoke mmf drop at F. L.

Yoke mmf drop at F. L.

N. L. yoke ampere turns

The ampere turn drop in the radial
section of the yoke at full load

Frequency

Main air gap

Minimum air gap in inches
Maximum air gap in inches
Auxiliary air gap

Auxiliary air gap

Horizontal section of stepped gap g3
Vertical section of stepped gap g3
Effective value of stepped gap g3

Effective main gap



Calculation

Number

(519a)

(135)
(137)
(135)
(24)
(76)
(76)
(78)
(22)
(76)
(76)
(303)
(303)
(303)
(22)
(38)

(37)

Electrical

Symbol

H, h

T-14

Explanation

Slope of hysteresis loop in PM
material

Damper slot dimension

Height of damper bar section
Height of damper slot

Depth below slot

Pole dimension

Pole dimension

Height of north pole

Slot dimension

Pole dimension

Pole dimension

Slot dimension

Slot dimension

Slot dimension

Slot dimension

Distance between center line ¢
strand in depth

Stator coil strand thickness (largest

dimension)



Calculation
Number

(22)
(22)
(78)
(22)
(22)

(22)

(194)
(245)
(241)
(182)
(237)
(8)
(127a)
(182)
(182)
(241)
(241)

(245)

Electrical

§meol

h¢

T FF

Explanation

Slot dimension
Slot dimension-
Height of coil yoke
Slot dimension
Slot dimension

Slot dimension

N. L. stator copper loss
N.L. stator copper loss

N.L. field copper loss

N.L. field copper loss
F.L., field amperes
Phase current

Field current at no load
Rotor 2R at no load
Field IR at no load
Rotor I2R at 100% load
Field R at 100% load

Stator 2R at 100% load



Calculation

Number

(522)

(11)

(9a)
(43)
(63)
(16)
(44)
(308)
(67)
(42)
)
(61)

(19)

Electrical
gmbol

Isc

A AN A AN A ol A e

K
A

3

K, k

T-16

Explanation

Current per phase flowing when all
phases are shorted together at the
machine terminals

Stator 1. D.

Adjustment factor

Distribution factor

Leakage reactive factor

Stacking factor

Pitch factor

Carter's coefficient rotor

Carter coefficient

Skew factor

Generator rating

Factor to account for difference in
phase current in coil sides in same

slot

Watts/1b core loss



Calculation

Number

(48)
(161)
(13)
(139)
(84)
(36)
(78)
(76)
(76)
(76)
(305)
(305a)
17)
(76)
(76)
(76)
(76)
(76)

Electrical
mbol Explanation
L1
Lg Stator coil end extension length
Ly Field inductance
Gross core length (stator)

f b Damper bar length

,szc Length of leakage path 5

5292 Coil extension beyond core
igz Horizontal length of (g2) air gap

f h Pole dimension

,<Z NP Length of north pole

,SZP Pole dimension

Q r Core length

521-5 Solid length of rotor core

jz s Solid core length

j( sl Stepped gap axial dimension
A s2 Stepped gap axial dimension
}zsa Stepped gap axial dimension
Isa Stepped gap axial dimension
X5 Stepped gap axial dimension



Calculation

Number

(78)
(76)
(49)
(147)
(147)
(78)
(78)
(80a)
(81a)
(82a)
(83)
(83)
(85)

(86)

(5)

(146a)

(146a)

Electrical
_Symbol Explanation
52 SK Length of skirt
‘2 SP Length of south pole
.Qt 1/2 mean turn (stator coil)
Kt 1/2 mean turn of field coil
Q tr Mean length of field turn
Qy Length of field coil yoke
(ya Effective length of shaft
Q 1 Leakage path length
Q 9 Leakage path length
,Q 3 Leakage path length
Q4 Length of leakage path 4 (4 pole)
{ 4a Length of leakage path 4 (6 pole)
3] 6 Length of leakage path 6
/Q 7 Length of leakage path 7
M, m
m Number of phases
N, n
Neo Number of field coils
Np Number of field turns per pole

T-18



Calculation Electrical

Number Symbol Explanation
(306) N, Conductors per slot
(302a) Nic Number of slots in pole center
(34) NST Strands per conductor in depth
(34a) N 'ST Strands per conductor (total)
(138) n Damper bars
(45) ng Effective conductors
(146) ng Field turns per coil
(30) ng Conductors per slot
(14) n, Radial ducts
0, o
12) 0.D. Stator O.D.
P p
(9) PF Power factor
(511) Pg Air-gap permeance
(509) P; Permeance of the in-stator leakage flux
(80c¢) P Leakage permeance
(507) P Adjustment factor to convert the perme-

ance values to the proper scale for use

in the general hysteresis loop



Calculation
Number

(510)

(505)

(506)

(514)

(80)
(500)
(81)
(503)

Electrical

Symbol

P

si

s2

+3
ro

Explanation

Permeance of the out-stator leakage
flux

Permeance of the flux leakage path
from the underside of one pole shoe
to the underside of the adjacent pole
shoe

Permeance of the flux leakage path
from the centerline of the end surface
of one pole head to the centerline of
the end surface of the adjcacent pole
head

Total apparent permeance of the work-
ing air gap

Pole head end leakage permeance
Pole-to-pole side leakage permeance
Pole head side leakage permeance
Permeance of the flux leakage paths
from pole-head surface to pole-head
surface and between adjacent pole

head edges



Calculation
Number

(82)

(504)

(83)
(84a)
(84)
(85)
(85a)
(86a)
(86)

(86a)

(6)

(23)
(300)

(301)

Electrical

§y_mb01
Pg

Pg

Explanation

Pole body end leakage permeance
Permeance of the flux leakage path
from the centerline of the end surface
of the pole to the centerline of the
adjacent pole end surface

Pole body side leakage permeance
Coil leakage permeance

Coil leakage to north pole permeance
Coil leakage to south pole permeance
Leakage permeance

Stator to rotor leakage

Stator core to rotor skirt leakage
permeance

Flux plate to flux plate leakage
permeance

Number of poles

Number of slots
Slots punched

Slots wound



Cglculation Electrical

Number Symbol Explanation

(25) q Slots per pole per phase
R, r

(154) Rf(cold) Cold field resistance at 200 C

(155) R (hot) Hot field resistance at X¢ C

(7) RPM Revolutions per minute

(53) Rypy (cold) Stator resistance per phasc at 29¢ 7

(54) RSPH(hot) Stator resistance per phaso it X° C
S, s

(181) SCR Short circuit ratio

(127¢) SE Current density in field conductor

(239) Sk F. L. current density in field conductor

(47) Sq Current density in stator conductor
T, t

(177) T, Armature time constant

(178) Ty Transient time constant

(179) T';i Subtransieni time constant

(176) T'do Open circuit time constant

(78) Tok Thickness of rotor skirt

T-22



Calculation
Number

(78)
(76)
(76)
(304)

(78)

(78)

(78)

(145)

(185)
(244)
(193)
(186)
(243)
(242)
(184)

Electrical

Symbol
Tsp
tp1
2
trs
ty

Yye

Yr

WDFL
WpNL
WNPL
WpFL

WrrL
WTNL

Explanation

Thickness of south pole
Pole dimension

Pole dimension

Tooth pitch

Yoke dimension

Yoke dimension

Yoke dimension

V, v

Peripheral speed

W, w

Stator core loss

F. L. damper loss
N.L., damper loss
N.L. pole face loss
F. L. pole face loss

F. L. stator teeth loss

N. L. stator teeth loss

T.23



Calculation Electrical

Number Symbol Explanation
(81b) }\ ¢ Pole tip leakage permeance
(77) o Pole embrace
(198a) 0 P. F. angle

PROGRAMMING BY ROGER W, HULTHEN,



Calculation
Number

(78)
(76)
(76)
(304)

(78)

(78)

(78)

(145)

(185)
(244)
(193)
(186)
(243)
(242)
(184)

Electrical

_Symbol
Tsp
th1
2
trs
y

Ye

tyr

WpFL
WDNL
WNPL
WpFL

TFL
WTNL

Explanation

Thickness of south pole
Pole dimension

Pole dimension

Tooth pitch

Yoke dimension

Yoke dimension

Yoke dimension

Peripheral speed

Stator core loss

F. L. damper loss
N.L, damper loss
N.L. pole face loss
F. L. pole face loss

F. L. stator teeth loss
N. L. stator teeth loss



Calculation

Number

(129)
(131)
(132)
(133)
(167)
(168)
(142)

(163)

(523)

(165)

(166)
(160)

(150)

(130)
(172)

(307)

Electrical

Symbol

X, x

T-24

Explanation

Reactance factor

Reactance direct axis

Reactance quadrature axis
Synchronous reactance

Saturated transient reactance
Subtransient reactance direct axis
Damper bar temperature

Damper bar leakage reactance
direct axis

Direct axis synchronous reactance
Damper bar leakage reactance
quadrature axis

Unsaturated transient reactance
Effective field leakage reactance
Expected field temperature at full
load

Leakage reactance

Zero sequence reactance

Potier reactance



Calculation
Number

(169)
(134)

(50)

(31)

(140)
(26)
(27)
(40)
(41)

(200f)
(311)
(108)
(221)

(100a)

Electrical

Symbol ‘Explanation
X'('1 Subtransient reactance quadrature axis
Xq Synchronous reactance quadrature
Xs oC Stator expected temperature at F. L,
Y,y
Y Throw
T b Damper bar pitch in inches
T s Stator slot pitch
Ts1/3 Stator slot pitch
Tsk Skew
Tp Pole pitch
9
3L F. L. core flux
¢gp Flux in pole center
¢g2 N. L. auxiliary air gap flux
¢g2L Flux crossing the auxiliary air gap
under load
g J'4 Rotor leakage flux

Tw25



Calculation
Number

(312a)

(312)
(91a)
(202¢)

(198¢)

(92)
(93)
(318)
(213)

(200a)

(102a)
(213a)

(104c¢)

(313)
(111)

Electrical
Symbol

By s

B

T-26

Explanation

Slot leakage flux in each pole center

at 100% load

Leakage flux

Leakage flux

F. L. leakage flux

First approximation of the leaks o fi-

from the shaft io the stator hetween

rotor lobes or poles (or teeth)

N. L. flux per pole

Estimated flux per pole

Flux in the pole center at fuli load

Flux per pole F. L.

First approximation of the flux per

pole at full load

N. L. flux per pole

F. L. flux per pole

Flux in rotating outer flux ring at

no load

Total flux in the pole center

Flux in shaft at no load

E‘T‘x.(:‘



Calculation
Number

(112a)

(202D)

(214a)
(221)
(88)
(90)
(208)
(204)
(100)
(209)
(101)
(210)
(102)
(211)
(103)
(212)

(115)

Electrical
Symbol

¢SH

¢SHL

¢SHL

¢SKFL

31

T=-27

Explanation

N. L. shaft flux

First approximation of the shaft flux
at full load

F. L. shaft flux

F. L. skirt flux

Total flux

Estimated total flux

Total flux F. L.

Theoretical flux at full lead
. L. leakage flux in Path 1
. L. leakage flux in Path 1
leakage flux in Path 2
leakage flux in Path 2
leakage flux in Path 3

leakage flux in Path 3

S A A A

leakage flux in Path 4

4 Z "oz ooz oz

. L. leakage flux in Path 4
Leakage flux from north pole
(spider pole) through the field

coil



Calculation

_Number

(118)
(226)

(200d)

(121)
(121a)
(220)
(220a)

(200e)

(99)
(89)
(207)
(207a)

(202)

(103b)

(198Db)

Electrical

Symbol

D5
@51,

@51,

Pg
G
P61,
BeL

1

Be1.

@7
37
371,
233

1

P71,

@y

Explanation

N. L. leakage flux in Path 5

F. L. leakage flux in Path 5

First approximation of the

leakage flux through Pg at F. L.

N. L. leakage flux in Path 6

N. L. leakage flux in Path 5

F. L. leakage flux in Path 6

Final value at full load

First approximation of the leakage
flux through Pg at full load

N. L. leakage flux in Path 7
Estimated value of leakage flux @
F. L. leakage flux in Path 7

F. L. leakage flux in Path 7

First approximati of the leakage
flux through Py at full load

Flux plate to flux plate leakage flux
(kilolines)

Leakage flux at F. L.



Calculation Electrical

_ Number Symbol Explanation
(70¢) N\ a Air gap permeance
(158) Ap Permeance of damper bar
(175) A
(:62) Pal Dd Leakage permeance of damper bar

in direct axis

(164) N Dq Permeance in quadrature axis
(64) /\E End winding permeance
(82b) N e Pole end leakage permeance
(161f) N\ F Rotor leakage permeance
(332) /\F Leakage permeance of the field
winding
(333) /\FE Leakage permeance of the rotor winding

end extension

(62) I\ i Conductor permeance

(159) Apt Permeance of end portion of damper
bars

(312b) )\rs Rotor slot leakage permeance per inch

of stator length

(80b) A s Pole side leakage permeance

T-29



Calculation Electrical

Number Symbol ~___Explanation
(81b) f\ t Pole tip leakage permeance
(77) o Pole embrace
(198a) 4] P. F. angle

PROGRAMMING BY ROGER W, HULTHEN,



